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iAbstract
In the rapidly developing field of spintronics whose central issue is the utilization of the spin
instead of the charge of the electron, the active control of spin-polarized carriers (electrons or
holes) utilizing electric rather than magnetic fields has highest priority. Researchers world wide are
searching for a realization of a spin-based field-effect transistor (spin-FET) that has the potential
to revolutionize electronic devices and carries new prospects of data manipulation.
The present thesis deals with the investigation of the Rashba-Bychkov effect as a possible can-
didate for a spin-FET formed by an ultra-thin Pb film on a silicon substrate, using spin- and
angle-resolved photoemission spectroscopy. The reduced dimensionality of such an epitaxially
grown metallic film results in a two-dimensional (2D) electron gas associated with quantum well
states (QWS). These states are free to move within the sample plane, while they are confined
perpendicularly by the energy gap of the Si substrate on one side and by the repulsive image
potential toward the vacuum on the other side, reminiscent of the particle-in-the-box model. Due
to the broken inversion symmetry along the confinement direction and the high nuclear charge
of Pb the QWS show a Rashba-type spin splitting which builds up throughout the whole metal
layer along the growth direction as a result of competing effects between the metal-substrate and
metal-vacuum interfaces.
In this thesis the focus lies on altering the interface region between the film and the substrate
to provide more insight into the origin of the Rashba effect and other phenomena such as the
effective mass of the bands and Schottky barrier formation.
In the first approach we have varied the chemistry of the interface by studying various interfactants
such as Pb, Bi and Ag, which form highly regular structures of (
√
3×√3)R30◦ symmetry on Si. It
is found that the size of the Rashba effect changes dramatically among these interfaces: replacing
the Pb interface by a Bi layer reduced the Rashba parameter by 60%, whereas QWS in Pb films
grown on a Ag reconstructed Si substrate showed no measurable spin splitting. Interestingly,
the Schottky barrier of these systems, and the effective mass of the states varies in the same
manner. For future device application it is necessary to control the Rashba parameter by external
means. The results of our second approach, the study of the influence of the substrate doping
concentration on the Rashba effect in Pb QWS, revealed a very promising pathway: by increasing
the donor concentration by a factor of 20, we could tune the Rashba parameter by a factor of two.
A simulation of the relevant parameter indeed showed that a gate voltage of only 12 V is enough
to switch a 1 nm lateral spin-FET from the insulating to the conducting state. These findings
are discussed in the framework of the interface dipole model and a doping dependent Schottky
barrier.
In order to gain more insight into the interplay of band dispersion, orbital character, and spin, we
have focused on a wave vector region in Pb QWS where avoided crossing hybridization induced
by spin-orbit coupling alters the band structure significantly. A breakdown of the Rashba effect
is found which manifests itself in a spin splitting that is no longer proportional to the in-plane
momentum of the electrons. Furthermore it is found that these hybridization effects can cause a
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reversal of the sign of the momentum splitting which is well explained by an interband spin-orbit
coupling between states of anti-parallel spin directions.
From a fundamental scientific view-point, the body of this thesis illustrates the subtle inter-
play of the electronic, spin and structural properties of the overlayer and their sensitivity to the
boundary conditions and specifically the metal-substrate interface.
Keywords: Spin- and angle-resolved photoemission spectroscopy
Quantum well states
Rashba-Bychkov effect
Spintronics
Schottky barrier
Interface dipole model
Interband spin-orbit coupling
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Zusammenfassung
Das Hauptaugenmerk auf dem schnell expandierenden Gebiet der Spintronik liegt auf der Ver-
wendung des Spins statt der elektrischen Ladung des Elektrons. Idealerweise sollte eine aktive
Kontrolle von spin-polarisierten Ladungstra¨gern mittels elektrischen statt magnetischen Feldern
erzielt werden. Weltweit versuchen Forscher den sog. Spin-Feld-Effekt-Transistor (Spin-FET) zu
realisieren, weil sich damit unter anderem neue Mo¨glichkeiten in der Datenmanipulation ergeben.
Die vorliegende Dissertation untersucht mittels der Methode der spin- und winkelaufgelo¨sten
Photoemissions-Spektroskopie den Rashba-Bychkov-Effekt in Nanostrukturen bestehend aus du¨n-
nen Bleischichten auf dem Halbleitersubstrat Silizium. Das Besondere an solchen epitaktisch
gewachsenen Du¨nnschichten ist, dass sich spezielle elektronische Zusta¨nde ausbilden, sogenannte
Quantentopfzusta¨nde (engl. quantum well states), die als stehende Elektronenwellen aufgefasst
werden ko¨nnen. Diese entstehen, da in Richtung des Halbleitersubstrates dessen Bandlu¨cke, und
in Richtung des Vakuums, das abstossende Bildladungspotential als Potentialbarrieren fu¨r die
Elektronen wirken. Lateral erfahren die Elektronen keine Einschra¨nkung, weshalb sie sich mehr
oder weniger frei bewegen ko¨nnen.
Die hohe Kernladung der Bleiatome fu¨hrt zu einer starken Spin-Bahn-Kopplung, welche zusammen
mit der entlang der Wachstumsrichtung gebrochenen Inversionssymmetrie der Du¨nnschicht in den
Quantentopfzusta¨nde eine Rashba-artige Spinaufspaltung hervorrufen. Hierbei ist zu beachten,
dass jede Bleilage entlang der Wachstumsrichtung einen Beitrag zur Spinaufspaltung liefert auf-
grund der unterschiedlichen Barrieren an der Metal-Halbleiter- und Metal-Vakuum-Grenzregion.
Das Ziel dieser Dissertation ist es, zu erkunden, welchen Einfluss die Metal-Halbleiter-Grenzregion
auf den Rashba-Bychkov-Effekt, auf die effektive Masse der Elektronen, sowie auf die Ausbildung
der Schottky Barriere ausu¨bt.
Um dies herauszufinden variierten wir in einer ersten Studie die chemische Zusammensetzung
der Grenzschicht, indem wir Bleifilme auf unterschiedlichen Oberfla¨chenrekonstruktionen unter-
suchten, bestehend aus Blei, Bismut oder Silber. Diese Rekonstruktionen haben gemeinsam, dass
sie wohldefinierte Strukturen mit einer sogenannten (
√
3×√3)R30◦ Symmetrie auf dem Silizium-
Substrat bilden. Wir konnten zeigen, dass der Rashba-Parameter sehr stark von der Grenzschicht
abha¨ngt, da er um ca. 60% abnimmt, wenn eine Oberfla¨chenrekonstruktion aus Blei mit einer
aus Bismut ersetzt wird. Quantentopfzusta¨nde in Bleifilmen auf einer Silbergrenzschicht weisen
dagegen eine Spinaufspaltung auf, die kleiner als das Auflo¨sungsvermo¨gen der Messapparatur ist.
Interessanterweise zeigen die Schottky-Barriere der Nanostrukturen und die effektive Masse der
Elektronen ein a¨hnliches Verhalten.
Fu¨r etwaige Spin-FET Anwendungen in der Zukunft ist es notwendig, den Rashba-Effekt mittels
externer Parameter zu kontrollieren. Zu diesem Zweck haben wir in einer zweiten Studie den Ein-
fluss der Dotierungsdichte des Siliziums auf den Rashba-Effekt in Bleifilmen untersucht. Auch hier
haben wir eine starke Abha¨ngigkeit gefunden, welche sich dadurch a¨ussert, dass eine Erho¨hung
der Dotierdichte z.B. um den Faktor 20 den Rashba-Parameter um den Faktor zwei vergro¨ssert.
Eine Simulation des relevanten Parameters zeigt sogar, dass eine Spannung von etwa 12 V aus-
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reicht, um einen Spin-FET mit einer lateralen Ausdehnung von nur einem Nanometer aus dem
Sperr- in den Leitungszustand zu schalten. Diese Resultate werden auf der Basis des sogenannten
Grenzschicht-Dipol-Modells (engl. interface dipole model) und einer dotierabha¨ngigen Schottky-
Barriere diskutiert.
Abschliessend haben wir das Zusammenspiel zwischen Banddispersion, dem orbitalen Charakter
und dem Spin der Zusta¨nde untersucht. Hierbei haben wir unser Augenmerk auf eine Wellen-
vektorregion gerichtet, die durch eine von der Spin-Bahn-Kopplung induzierten Hybridisierung
(engl. SOI-induced avoided crossing hybridization) beachtlich modifiziert wird. Gleichzeitig fu¨hrt
die Hybridisierung zu einem Zusammenbruch des Rashba-Effekts, der dadurch gekennzeichnet
ist, dass die Spinaufspaltung nicht mehr linear mit dem Wellenvektor zunimmt. Ferner induziert
der Effekt eine Vorzeichena¨nderung in der Wellenvektor-Aufspaltung. Unsere Resultate lassen
sich sehr gut mit dem Modell der sogenannten Interband-Spin-Bahn-Kopplung (engl. interband
spin-orbit coupling) erkla¨ren, das eine Mischung von Zusta¨nden mit antiparallelen Spins annimmt.
Vom wissenschaftlichen Standpunkt aus betrachtet veranschaulicht diese Dissertation das Zusam-
menspiel zwischen elektronischen Eigenschaften, der Spintextur und dem strukturellen Aufbau
der Du¨nnschicht und ihre Sensitivita¨t auf Randbedingungen, vor allem auf die Metal-Halbleiter-
Grenzregion.
Schlu¨sselbegriffe: Spin- und winkelaufgelo¨ste Photoemissions-Spektroskopie
Quantentopfzusta¨nde
Rashba-Bychkov-Effekt
Spintronik
Schottky-Barriere
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Interband-Spin-Bahn-Kopplung
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11 Introduction
Otto Stern and Walther Gerlach discovered in their pioneering experiment in 1922, that electrons
possess beside a mass and a negative charge an intrinsic angular momentum - the spin [1]. This
fundamental property of fermions, quantized in its nature, has stimulated the physicists both in
theory and experiment. Later, the progress in energy resolution of spectroscopic experiments have
indeed identified that spectral lines of atomic levels show additional energy splittings, which were
explained as due to the interaction of the spin with the orbital angular momentum (fine struc-
ture) and the interaction of the spin with magnetic moments generated by the nucleus (hyperfine
structure) [2].
In condensed matter physics the spin of an electron is not only at the heart of magnetic phe-
nomena, which deal e.g. with the ordering of spin structures in real space, but is also becoming
increasingly important in the multidisciplinary field of spintronics whose central issue is the active
manipulation of spin degrees of freedom.
To illustrate the technological relevance of this field let us recall the principle of an already
commercially implemented device utilizing the giant magnetoresistance (GMR), discovered by the
group of Peter Gru¨nberg [3] and by Albert Fert [4] in 1988. Both scientists were jointly awarded
with the Nobel Prize in physics in 2007.
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Figure 1: Schematic drawing of a device utilizing the GMR effect with (a) parallel and (b) anti-
parallel configuration of the magnetization directions (upper panel) and spin dependent density
of states (lower panel) [adapted from Ref. [5]]. (c) Scheme of the Datta-Das spin-FET. The
ferromagnetic source and drain serve as a spin injector and spin detector, respectively. Due to the
spin-orbit interaction in the channel (e.g. ultra-thin Pb film) the injected spin of the spin-polarized
electrons precesses in the x-z plane. High conductance is achieved when the magnetic moment of
electrons is aligned parallel with the magnetization direction of the drain. The advantage of such
a device is that, unlike in GMR, the high and low resistance states can be controlled by a gate
voltage alone leaving the magnetization of the two ferromagnetic layers unchanged.
2 1 INTRODUCTION
Consider a non-magnetic layer acting as a spacer sandwiched between two magnetic layers of
different coercive fields, as shown in Figs. 1 (a-b). To avoid confusion in the following discussion
we focus on the magnetic moment of an electron (~µs) instead of its spin (~s), because both are
related to each other via
~µs = −gµB ~s~ (1)
where g = 2,002319 is the g-factor and µB is the Bohr magneton. A small voltage applied to
the system induces a current flowing perpendicular to the multi layers. The initially randomly
oriented magnetic moments of the electrons acquire a common magnetic moment direction when
passing through the first ferromagnetic (FM) layer, i.e. the current gets spin-polarized with a mag-
netic moment direction corresponding to that of the first FM layer. Depending on the magnetic
moment direction of the second ferromagnetic layer, the spin-polarized current can either easily
continue or gets suppressed. A high current passes through the device (low resistance) when
both the direction of the magnetic moments of the spin current and the direction of the magnetic
moments in the second FM layer are aligned parallel. This is understood by the fact, that the
spin-polarized current can scatter into a high density of free electronic states with the same mag-
netic moment direction [6], as schematically shown in the lower panel of Fig. 1 (a). A reversal
of the magnetization direction of the second FM layer leads thus to a low current, because the
spin-polarized electrons find less available states to scatter into, see Fig. 1 (b). The key success
of magnetoresistance-based applications is due to the fact that the resistance of a device can be
controlled via the active manipulation of the relative orientations of the magnetization directions
in the ferromagnetic layers.
To date, the majority of electronic devices, such as transistors in integrated circuits, are based
on semiconductor technology. The question of whether a similar effect can be achieved in devices
made of semiconductors have been answered by Datta and Das in the 1990’s by proposing the spin
field-effect transistor [7], which is schematically displayed in Fig. 1 (c). The operating principle
of such a device is as follows. A metallic and non-magnetic layer, grown on a semiconducting
substrate, forms a two-dimensional (2D) narrow channel between FM source and drain electrodes
acting as the injector and detector of the electron spin. The source injects electrons with a certain
magnetic moment (spin) direction into the narrow channel. In analogy to the GMR based device,
depending on whether the magnetic moments of electrons are aligned parallel or antiparallel with
the magnetization direction of the drain after propagating along the channel, a high or low cur-
rent passes through the device. The role of the gate electrode is to control the spin precession
of electrons in the narrow channel by means of applying an electric field rather than a magnetic
field. It is the spin-orbit interaction in the non-magnetic channel which allows for such an active
control of the resulting magnetic moment (spin) orientation of electrons at the interface to the
drain.
Spin-orbit interaction in low-dimensional systems is a fascinating property that locks the spin of
an electron to its momentum. Depending on the crystal symmetries of the material and struc-
3tural properties, the spin-orbit interaction can take different functional forms resulting in effective
Hamiltonians that are either modeled by the Rashba-Bychkov [8] or the Dresselhaus effect [9]. The
focus of this thesis is to explore possible mechanisms leading to a modification of the spin-orbit
interaction in a Rashba system, where the structural inversion symmetry parallel to the plane of
a 2D electron gas is broken by the presence of a surface or interface. In the simplest case this
generates a spin texture in the Fermi surface consisting of a pair of circles centered around the
time-reversal invariant momentum Γ point with tangentially aligned spins of opposite directions,
forming spin vortices of different radii. The difference of the radii, i.e. the momentum splitting
of the Rashba pairs depends on the size of SOI and is one of the key-functionalities for the design
of a spin-FET.
As a playground for studying the Rashba effect in low-dimensional systems we chose Pb on Si(111)
for various reasons. The most important ones are as follows:
• Well-organized growth and non-dilute interfaces
Pb atoms form highly ordered two-dimensional atomic arrays on Si(111) that grow in a layer-
by-layer fashion allowing for the control of the system on the atomic scale. The interface
between Si and Pb is non-dilute and abrupt, even when an additional layer of foreign atoms
is sandwiched between the Pb film and the Si substrate. This property is highly desirable
for the study of interface induced effects.
• Quantum size effects
The most dramatic change in material properties takes place in quantum size structures
when valance electrons are confined to dimensions of the order of the de Broglie wavelength.
That way, quantum mechanical properties become important resulting in the formation of
e.g. standing electron waves, known as quantum well states - the central interest of this
thesis.
• Rashba-type spin-orbit interaction
The high nuclear charge of the Pb cores together with the symmetry-broken environment at
both, the metal-vacuum and metal-substrate interface have lead to the observation of the
Rashba effect in this system.
As a method of choice we use a combination of angle-resolved photoemission spectroscopy (ARPES)
with spin resolution (SARPES) to map electronic and spin properties of the systems. Since our
approach is to use as many surface analysis techniques as possible, we employ also low energy
electron diffraction (LEED) and core-level spectroscopy (XPS). All these techniques are briefly
introduced in Chapter 2. Chapter 3 is dedicated to a general introduction into the concept of
quantum well states with particular emphasis on Pb/Si(111). In Chapter 4 we introduce the dif-
ferent Si terminations used to explore how structural and electronic properties of the interfacial
region influences the SOI in the Pb film.
The second part of this thesis starts with Chapter 5, where we briefly introduce the theoretical
background of spin-orbit interaction with a detailed description of the Rashba-Bychkov effect.
4 1 INTRODUCTION
In addition we review the present understanding of SOI in low-dimensional systems with a special
treatment of the Rashba effect due to SOI in the ultra-thin Pb film. In Chapter 6 we investigate
the spin properties of the Pb films as a function of interface. Our approach in this study is to
maintain the Pb film and the substrate while changing the intra-layer to isolate interface-induced
effects.
For future device applications in the field of spintronics it is desirable to control the Rashba effect
by external means, ideally by a gate voltage. Since applying a back-gate voltage to a Rashba
system while performing spin-resolved ARPES experiments at the same time needs a re-design of
the present experimental setup, we first focus on the influence of the substrate charge density on
the Rashba-type spin splitting - the topic of the second part of Chapter 6.
Chapter 7 of this thesis is dedicated to a rather common effect in condensed matter physics, the
so-called avoided crossing hybridization due to SOI. Here we investigate by means of SARPES a
particular momentum region of Pb QWS, where the avoided crossing effect between states alters
the dispersions significantly.
52 Experimental and theoretical methods
The aim of this chapter is to briefly introduce the reader into the techniques which were used in this
thesis. The investigation of the electronic structure was done with angle-resolved photoemission
spectroscopy (ARPES) with spin resolution (SARPES). The analysis of the surface quality and
symmetry has been performed using low energy electron diffraction (LEED), while theoretical
band structures where calculated employing the WIEN2K code based on density functional theory
(DFT).
2.1 Angle-resolved photoemission spectroscopy
Angle-resolved photoemission spectroscopy is nowadays a widely established tool to investigate
the electronic structure of solids and surfaces in a most direct way. It relies on the photoelectric
effect, by which electrons are emitted from an illuminated sample. It was first discovered by
H. Hertz in 1887 [10] and later explained by A. Einstein in 1905 [11] as a quantum phenomenon.
In the following we restrict our introduction to the basics of ARPES using the single particle
picture. A more sophisticated description can be found e.g. in [12–15]. The basic principles of
a photoemission experiment are as follows. A collimated beam of monochromatized light, with
energy hν, generated either by a gas-discharge lamp, laser or by a synchrotron radiation source,
impinges on a sample. As a result of the photoelectric effect, photoelectrons escape from the solid
and are emitted in all directions into the vacuum. These photoelectrons are then collected with
an electrostatic analyzer of finite acceptance angle as a function of their kinetic energy (Ekin) and
emission angles (ϑS , ϕS) with respect to the sample surface (Fig. 2 (b)). From the knowledge
of the emission angles, the wave vector of the photoelectron outside the solid, i.e. K = p/~, is
completely determined via
Kx =
1
~
√
2meEkin · sinϑS · cosϕS
Ky =
1
~
√
2meEkin · sinϑS · sinϕS (2)
Kz =
1
~
√
2meEkin · cosϑS
where ~ is the reduced Planck constant and me the electron mass. By taking advantage of energy
and momentum conservation laws and considering that the photon momentum can be neglected
at VUV photon energies typically used in ARPES experiments, it is straightforward to relate the
measured kinetic energy of the photoelectron to its binding energy (Eb) before excitation:
Ekin = hν − Φs − |Eb| (3)
where Φs is the work function of the sample. Figure 2 (a) illustrates the energetics in the photo-
emission process by the example of a metallic sample, in which electronic states are occupied up to
the Fermi level (EF ). The absorption of light lifts electrons above the vacuum level (Evac) of the
solid, where they get measured by the detector. The energetic distribution of the photoelectrons in
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Figure 2: (a) Energetics of the photoemission process: the occupied density of states is mapped
above the vacuum level upon absorption of incoming photons, where it is measured by an elec-
trostatic analyzer. The electron energy distribution inside the solid is expressed in terms of the
binding energy (Eb), which is referenced to the Fermi energy (EF ). The photoelectron energy dis-
tribution is referenced to the vacuum level (Evac) (adapted from [12]). (b) Geometry of an ARPES
experiment. The sample is placed onto a goniometer (not shown) which allows for precise setting
of the emission angles ϑS and ϕS. (c) Illustration of the conversation of the parallel momentum
component of the photoelectron upon crossing the solid-vacuum interface (adapted from [12])
the spectrum is such that electronic states inside the solid close to EF appear in the spectrum with
the highest kinetic energy, while states with higher binding energies appear with the lowest Ekin.
To access deep lying core-levels it is necessary to use high photon energies, typically hν > 100 eV.
This technique, known as X-ray photoemission spectroscopy (XPS), has been also applied in this
work to study the chemical composition and bonding properties of interfaces.
Furthermore, in the photoemission process the parallel component of the photoelectron momentum
is conserved during the transmission through the surface, as depicted in Fig. 2 (c). This way, the
parallel momentum of the photoelectron in the vacuum, i.e. K‖ = (Kx,Ky, 0), can be directly
linked to the parallel component of the electron crystal momentum k‖ = (kx, ky, 0) via
|k‖| = |K‖| =
1
~
√
2meEkin · sinϑS (4)
Notice that the perpendicular momentum component ~k⊥ is not conserved in the photoemission
process because the outgoing photoelectron has to penetrate the surface potential barrier of the
solid. However, for two-dimensional electronic states, i.e. quantum well states and surface states,
this restriction has no influence because only k‖ is the relevant quantum number.
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2.2 Spin- and angle-resolved photoemission spectroscopy
Spin- and angle-resolved photoemission spectroscopy combines the technique of ARPES with a
spin-sensitive detector. The goal of SARPES is to measure the spin polarization of the photo-
current, defined as a vector of expectation values of the three spin operators (Sx, Sy, Sz) of a given
ensemble of states [16]
P =
PxPy
Pz
 = 2~
〈Sx〉〈Sy〉
〈Sz〉
 , (5)
where the constant 2/~ makes sure that the absolute value is |P| ≤ 1. Whether SARPES is
capable of measuring the spin properties of the initial states is still under debate [17, 18]. In the
case of linear polarized light1, as used in this thesis, e.g. the Fano effect can be excluded, which
generates spin polarization in the photocurrent from non-polarized initial states through optical
alignment [19]. Further to assign the measured polarization of photoelectrons (i.e. after excitation)
to the initial states (i.e. before excitation), important requirements have to be met. First, the
measured polarization has to be independent on the photon energy. Second, the polarization has
to reflect the symmetry properties of the crystal lattice and third, for Rashba systems the spin
splitting has to be proportional to the wave vector. As will be demonstrated in this thesis all of
these points are exactly fulfilled, strongly suggesting that the spin of spin-polarized initial states
is conserved in the photoemission process.
Nowadays several techniques are used to measure the polarization of an electron beam, such as
spin-polarized low energy electron diffraction [20], which is based on electron diffraction from
a W(110) surface or Mott scattering [21], which relies on the spin-dependent back-scattering
potential introduced by the heavy nuclear charge target. For reviews see [22,23]. The experimental
setup used in this thesis, named COPHEE, is shown in Fig. 3 (a) and is situated at the Surface
And Interface Spectroscopy (SIS) beamline of the Swiss Light Source (SLS). COPHEE is an
acronym for COmplete PHotoEmission Experiment, because it is capable to measure all relevant
quantum numbers of photoelectrons, i.e. binding energy (Eb), parallel (k‖) and perpendicular
(k⊥) momentum and the three-dimensional (3D) spin polarization [24–27].
The principle is as follows: after energy and momentum selection through a hemispherical analyzer
the photoelectrons are distributed into two orthogonally mounted polarimeters by an electrostatic
deflector operated at 1 Hz. Note that the electrostatic transport of the electrons preserves the
spin. The electrons are then accelerated in a high-voltage field (typically 40 kV) to high energies
in order to induce the relativistic Mott back-scattering off the high-Z element Au (Z = 79). The
interaction of the electrons with the Coulomb field of the Au nuclei results in a spin-dependent
back-scattering due to the spin-orbit interaction [16]. Figure 3 (b) illustrates the underlying
mechanism for the polarimeter I: electrons with an unknown spin polarization are directed onto
the Au foil (thickness ≈ 800 A˚) and backscattered. Each scattering geometry allows to measure
two polarization components, i.e. Pz˜ and Py˜, transverse to the incoming beam. There is a higher
1The selection rule for optical transition reduces to ∆l = ±1 and ∆m = 0.
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Figure 3: (a) Experimental setup of the COPHEE spectrometer (adapted from [24]). (b) Mott
scattering geometry of polarimeter I. (c) Schematic drawing of the electron counting electronics
for one asymmetry direction. Note, the decoupling of the high-voltage is performed with optical
fibers.
probability that electrons with spin direction along the positive z˜-direction (indicated by the red
arrow) perpendicular to the scattering plane are scattered toward the left (DL) than toward the
right (DR) detector. The polarization component, here Pz˜, is then determined from the scattering
asymmetry Az˜ divided by the Sherman function S:
Pz˜ =
Az˜
S
=
1
S
NL −NR
NL +NR
(6)
where NL,R is the number of the backscattered electrons into the left and right detector. The Sher-
man function is the asymmetry that would be measured in the case of a fully polarized electron
beam. The function is detector specific and depends on several parameters such as the atomic
number of the target, the acceleration voltage and the measurement geometry2. The electron
counting electronics (see Fig. 3 (c)) consist of passivated implanted planar silicon barrier detec-
tors (PIPS), preamplifiers and discriminators which separate the elastically from the inelastically
scattered electrons. Finally a fiber-optical system brings the high-voltage counting signal down
to ground potential.
Another important parameter characterizing the overall efficiency of a spin detector is the figure
of merit calculated as,
 =
(
N
N0
)
S2 (7)
2Throughout this thesis a Sherman function of S = −0.068 has been used.
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and is typically in the range of 10−3 to 10−4 for Mott-based polarimeters. The reason for the
small value lies in the small cross-section of Mott scattering, i.e. only few percent of the total
number of impinging electrons (N0) are backscattered (N) while the others (N0 −N) go simply
through the target and are not detected. This is the main reason why a spin-resolved ARPES
experiment is typically operated with an increased synchrotron spot size (≈ 800 µm × 200 µm)
and entrance slit of the analyzer (∅ 6 mm) to maximize the number of electrons at the expense
of angular and energy resolution. However a good compromise has been found, where the angular
and energy resolution are set to ± 0.75◦ and 80 meV, respectively.
The absolute statistical error of the polarization due to electron counting is calculated from:
∆Pi =
∆Ai
S
=
1
S
√
NL +NR
(8)
To achieve a satisfying error bar of typically ∆P = ±0.01 at each data point, long counting times
are necessary, typically 4 minutes per data point. A typical spin-resolved energy distribution
curve with an energy range of 1 eV and an energy step size of 20 meV takes approximately three
hours. Such time consuming measurements, which depend on small differences in the backscattered
intensities can only be performed at a stable beamline, e.g. with a constant photon flux, to provide
a maximal signal-to-background ratio.
The COPHEE spectrometer is unique, because it consists of two Mott polarimeters which are
mounted orthogonal to each other. Polarimeter I measures the spin polarization components
Py˜,z˜ and polarimeter II Px˜,z˜ in the coordinate system (x˜, y˜, z˜) spanned by the two polarimeters.
P in the sample coordinate system is obtained by applying a rotation matrix (R) containing the
emission angle ϑS
3:PxPy
Pz
 = R
Px˜Py˜
Pz˜
 = 1√
2
 cosϑS − cosϑS
√
2 sinϑS
1 1 0
− sinϑS sinϑS
√
2 cosϑS

Px˜Py˜
Pz˜
 (9)
The capability for measuring all components of the spin polarization for every point in reciprocal
space makes this spectrometer excellent for studying spin-orbit interaction in low-dimensional
systems, where the quantization axis for the spin can point in principle in any direction. In the
next sections we will show (i) how polarization data are obtained from the scattering intensities
recorded by the Mott polarimeters and (ii) how a quantitative analysis is performed using a
vectorial spin analysis within the framework of the two-step fitting routine.
2.3 From raw data to spin polarization curves
The following example demonstrates how spin polarization data are obtained from the scattering
spectra. Figure 4 (a) displays a band dispersion of a quantum well state in a 10 monolayer
Pb film on the Bi reconstructed Si(111) measured with ARPES (see Sec. 2.1). This system is
3The sample is usually rotated about the z-axis to access photoelectrons with different k‖ while the in-plane
angle ϕS is set to zero.
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explained in detail in Chap. 4. The relatively weak band dispersion of the QWS requires a spin-
resolved measurement in the so-called spin-resolved energy distribution curve (SR-EDC) mode.
For a fixed polar angle ϑS (i.e. k‖ according to Eq. 4) scattering spectra I
L,R
x˜,y˜,z˜ for each spin
polarization component are recorded as a function of the binding energy, see Fig. 4 (c). This way,
one obtains eight spectra from which the scattering asymmetries are calculated and displayed
in Fig. 4 (d). The scattering spectra are recorded with Si diodes (PIPS) which differ slightly
in their detection efficiency. This is seen in Fig. 4 (c) in the high binding energy tail of the
peaks. Away from the peak maximum, at around 0.6 eV, one can fairly assume the asymmetry
to be zero, because the measured intensity arise mainly from the non spin-polarized background.
However the left Si-diode e.g. of the y˜-direction counts 3.1 · 105, while the right diode counts
2.5 · 105 electrons. This gives an asymmetry of 0.114 and hence a polarization of 167%, which
is not physical. This instrumental asymmetry can be removed by applying so-called sensitivity
factors ηi in order calculate the corrected asymmetries [24]:
Ay˜ =
ILy˜ − ηy˜IRy˜
ILy˜ + ηy˜I
R
y˜
, Ax˜ =
ILx˜ − ηx˜IRx˜
ILx˜ + ηx˜I
R
x˜
, Az˜ =
ILz˜ − ηz˜IRz˜
ILz˜ + ηz˜I
R
z˜
(10)
The corrected asymmetries are shown in Fig. 4 (e) and were calculated using the following
sensitivity factors:
ηy˜ = 1.25646, ηx˜ = 0.93933, ηz˜ = 0.807187
The last step consists of normalizing the asymmetry by the Sherman function to obtain the
polarization and transformation of the polarization data into the sample coordinate system. The
data in Fig. 4 (f) are the result of applying the mentioned steps and are ready for further analysis.
2.3.1 Quantitative analysis of spin polarization data
The main goal of a quantitative analysis of spin polarization data is to determine the polarization
vector of the individual bands and the energetic separation between peaks, from which important
parameters such as the Rashba parameter (see Sec. 5.1.2) can be deduced. For this purpose a
powerful tool, the so-called two-step fitting routine, has been developed in our group which will
be briefly described here. A detailed description of the routine can be found in [28, 29]. A spin-
resolved measurement delivers intensity data from which the polarization data are calculated,
as described in the previous section. In the first step of the fitting routine the total measured
intensity which is the sum over all Mott detector channels is fitted assuming a proper number of
peaks and a background:
IFITtot (Eb) =
n∑
i=1
Ii(Eb) +B(Eb) (11)
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Figure 4: (a) Exemplary band dispersion of Pb QWS. The scan position of the spin-resolved EDC
is indicated by the dashed arrow. (b) Schematic drawing of the two Mott polarimeters mounted in
orthogonal geometry. (c) Backscattering intensities as a function of binding energy for the three
Mott coordinates (x˜, y˜, z˜). (d) Calculated asymmetries Ax˜, Ay˜, Az˜. (e) Corrected asymmetries
according to Eq. 10. (f) Polarization data obtained from (e) after applying the rotation matrix
and division by the Sherman function.
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In the case of data obtained from Pb quantum well states with Rashba-type spin splitting it is
sufficient to assume two Voigt profiles4 and an unpolarized background which is increasing linearly
towards higher binding energy. In the second step an initial polarization vector is assigned to each
peak Ii and defined in spherical coordinate system as:
Pi =
Px,iPy,i
Pz,i
 = ci
sin θi cosϕisin θi sinϕi
sin θi
 (12)
From the initial orientation of Pi together with Ii obtained from the first step one calculates the
spin-resolved intensities projected on the three directions (x, y, z) and the corresponding polariza-
tion curves (Px, Py, Pz) via
I↑,↓x,y,z(Eb) =
B(Eb)
2
+
n∑
i=1
Ii(Eb)
2
(
1± P ix,y,z
)
(13)
Px,y,z(Eb) =
I↑x,y,z(Eb)− I↓x,y,z(Eb)
I↑x,y,z(Eb) + I
↓
x,y,z(Eb)
(14)
A self-consistent fitting is then performed by varying the parameters of both, the polarization
vectors, i.e. the angles θi and ϕi, and the peak parameters, i.e. peak position, intensity and width.
The length of each polarization vector describes the degree of the polarization of the photocurrent
and can in principle range between 0 < c ≤ 1. The analysis of Rashba-type spin-split states
considered in this thesis gave excellent results with c set to 1. This serves as a further indication
that properties of the initial states are determined with SARPES. In this example polarization
data as a function of the binding energy were chosen, because most of the presented data were
recorded in this mode. However, the same analysis applies for polarization data recorded as a
function of the in-plane momentum.
2.4 Low energy electron diffraction
Low energy electron diffraction is a process highly suitable for studying structural properties of
crystalline surfaces such as its symmetry, and quality of the surface layers. The surface sensitivity
of this method is due to the low energies of the incident electrons, which range between 10 and
300 eV, allowing to investigate only 2-3 atomic layers. At these energies the de Broglie wavelength
of electrons is between 4 and 0.7 A˚ and matches therefore typical interatomic dimensions at
surfaces. The condition for constructive interference between an incident electron wave with wave
vector kin and an outgoing wave with wave vector kout is given by the Laue condition [30],
g|| = ∆k = kout − kin (15)
and states that the momentum transfer ∆k has to equal a reciprocal substrate lattice vector g||.
Figure 5 (a) shows a schematic setup of a LEED experiment. An electron gun at a negative
4A Voigt profile results from a convolution of a Lorentzian profile, that describes the broadening of a spectral
line due to the lifetime of the photohole and a Gaussian profile, that describes the broadening of a spectrum due to
the finite resolution of the experiment.
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Figure 5: (a) Schematic setup of a LEED experiment. (b) Illustration of the Laue condition for
a 2D crystal. (c) Geometry of LEED: the in-plane lattice constant a|| is inversely proportional to
h/2 for fixed R and beam energy (adapted from [30]).
potential (−Ve) produces a monochromatic beam with energy E that impinges on the sample at
normal incidence. The diffracted beam is then imaged on a phosphor screen and the luminescent
pattern is recorded with a standard CCD camera. To separate the inelastically from the elastically
scattered electrons a grid (suppressor) is placed with an potential just below the acceleration
voltage (−Ve + ∆V ). The inner and outer grids at ground potential shield the sample and the
suppressor from the high voltage of the phosphor screen. Figure 5 (b) shows the condition for
constructive interference in the case of an ideal 2D crystal. The reciprocal lattice consists of
lattice rods (black lines) instead of points as in the case of a 3D crystal, which are separated by
the reciprocal lattice vector g|| = 2pi/a||. Here a|| is the in-plane lattice vector in real space. For
each intersection of the Ewald sphere with radius kin with a reciprocal lattice rod the condition
of Eq. 15 is met and the diffracted wave with kout produces spots labeled as (00), (01), ..., on the
screen. The position of the interference pattern is easily calculated using h = R sin(θ), kin = kout
and sin(θ) = ~g||/
√
2mE. For constant R (typically unknown) and beam energy E relative changes
in g|| and a|| can therefore be traced. This method has been successfully applied to measure the
in-plane lattice constant as a function of Pb film thickness, as will be demonstrated in Chap. 4.
2.5 Density functional theory
The understanding of experimental data often requires comparison to theoretical calculations. In
condensed matter physics so-called first principles calculations provide the necessary ground. In
this work the well-established density functional theory (DFT) implemented in the WIEN2k5 code
has been used to simulate band structures of free-standing Pb films .
The general Eigenvalue problem (EWP) of a many-body system containing N electrons and M
nuclei is written as [31]:
HˆΨ = EΨ (16)
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with the ab initio Hamiltonian
Hˆ = TˆM + TˆN + VˆM,N + VˆN,N + VˆM,M (17)
Hˆ = −~
2
2
M∑
i
∇2Ri
Mion
− ~
2
2
N∑
i
∇2ri
me
(18)
− 1
4pi0
N∑
i,j
e2Zi
|Ri − rj| +
1
8pi0
N∑
i 6=j
e2
|ri − rj| +
1
8pi0
N∑
i 6=j
e2ZiZj
|Ri −Rj|
(19)
and the many-body wave function
Ψ(R1, r1, ...,RM, rN)
Here TˆM,N is the sum of all kinetic energies of the nuclei and of the electrons, respectively. VˆM,N
is the sum of all Coulomb interactions between the i-th nuclei and j-th electron. VˆN,N (VˆM,M )
is the sum of all Coulomb repulsions between the i-th and j-th electron (nuclei). Even within
the Born-Oppenheimer approximation, that freezes the coordinates of the nuclei and therefore
reduces the many-body wave function from 3(N+M) down to 3N dimensions, the EWP is still
difficult to solve6. To circumvante this problem Hohenberg and Kohn postulated that the ground-
state energy from Schro¨dinger’s equation is a unique functional of the electron density ρ and the
electron density that minimizes the energy of the overall functional is the true electron density
corresponding to the full solution of the many-body Schro¨dinger equation [32]:
E[ρ] = 〈Ψ|Hˆ|Ψ〉 = 〈Ψ|Tˆ + Vˆ |Ψ〉+ 〈Ψ| ˆVext|Ψ〉 (20)
= FHK [ρ]︸ ︷︷ ︸
HKfunctional
+Vext[ρ] (21)
Here Tˆ denotes the kinetic energy of the interacting electron gas, Vˆ is the potential energy due
to electron-electron interaction and Vˆext is the energy of electrons in the potential of the nuclei.
The Hohenberg-Kohn functional is further decomposed into a kinetic term of a non-interacting
electron gas, a Hartree term and a term describing exchange and correlation effects:
FHK [ρ] = T0[ρ] + VH [ρ] + Vxc[ρ] (22)
One major challenge in the research field of DFT is to find the exact exchange-correlation func-
tional. However very good match between experiment and theory is often achieved using local
density approximation (LDA) or generalized gradient approximation (GGA) [33]. A very useful
recipe to construct the electron density has been given by Kohn and Sham which states that the
exact ground-state density of a N-electron system is calculated from single-particle wave functions
of the Kohn-Sham Eigenvalue problem [34]:
ρ(r) =
N∑
i
φ?i (r)φi(r) (23)
HˆKSφi = Eφi (24)
6For example the CO2 molecule has 22 electrons, i.e. the wave function has then 66 dimensions.
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The problem thus reduces from 3N to 3, because to find the ground-state density, one needs to
solve the Schro¨dinger-like non-interacting single particle equations. This has to be done iteratively,
because the Hartree, the exchange-correlation potential and the wave functions depend on ρ. Most
of the available programs, such as WIEN2K or FLEUR7, use the so-called full-potential linearized
augmented plane wave method to solve the Kohn-Sham equations. In this method the unit cell
is divided into a region of non-overlapping atomic spheres and an interstitial region. Within
the muffin tin approximation the wave functions are assumed to be spherically symmetric at the
atomic sites, while outside the so-called muffin tin sphere they are of plane-wave character [31].
We would like to emphasize that part of the theoretical work presented in this thesis was per-
formed with the WIEN2K code, such as simulations of band structures of free-standing Pb films.
Calculations on free-standing films are in general easy to perform and do not require sophisticated
computational infrastructure. In contrast, the fully relativistic calculations of Pb films on Si(111)
to model the Rashba effect (see Chap. 6) were performed by Gustav Bihlmayer8.
7www.flapw.de
8G.Bihlmayer@fz-juelich.de
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3 Quantum well states
The following chapter introduces some fundamental aspects prerequisite for the formation of
confined electronic states in metallic overlayers. Later, we will focus in more detail on the system
Pb as an adsorbate on Si(111) and introduce the reader into the concept of Schottky barrier
formation at a metal-semiconductor junction using the interface dipole model.
3.1 General description
3.1.1 Phase accumulation model
When the thickness of a metallic layer is reduced to the nanoscale, electron confinement by the
band gap of the substrate and the repulsive image potential in front of the metallic surface leads
to the formation of standing electron waves associated with quantum well states (QWS). These
electrons, while bouncing back and forth between the metal-substrate and metal-vacuum interface,
are free to move within the sample plane and can be therefore regarded as a quasi two-dimensional
electron gas (2DEG). In a first approximation the confinement of the conduction electrons within
the metal can be treated similarly to the well-known one-dimensional particle-in-a-box model. In
this model the confinement of a particle by infinite potential barriers leads to discrete energy levels
with standing wave solutions having nodes exactly at the boundaries of the box of width d [2]:
kn =
npi
d
, Ψn =
1√
d
sin
(npi
d
z
)
, En =
~2
2me
(npi
d
)2
(25)
where kn is the quantized wave vector, Ψn is the wave function, En is the eigenenergy, and n is a
positive integer. A more realistic treatment of the confinement is to approximate the boundaries
of the box by barriers of finite height. In this case the wave function describing the particle will
have a certain penetration depth into the barrier specified by a phase shift. The main difference
between the two approximations is that, in the case of finite barrier, the penetration of the wave
function will lead to a larger effective width d of the confinement box and therefore to a lower
eigenenergy of the particle since En ∝ d−2.
The description of QWS as standing waves allows application of the so-called phase-accumulation
model (PAM) introduced by Pendry and Echenique in 1978 [35] and illustrated in Figure 6.
A standing wave may form when the total accumulated phase ΦT is an integer number n of 2pi.
Here the total phase of the wave can be split into a contribution from the propagation through
the overlayer 2dkz, when the electron travels back and forth through the medium, and a phase
shift upon reflection at the metal-vacuum interface ΦV and the metal-substrate interface ΦS :
ΦT = ΦV + ΦS + 2d0Nkz = 2pin (26)
where d0 is the interlayer spacing (Pb; d0 = 2.85 A˚) and N denotes the number of monolayers.
Because the thickness of the overlayer is an integer number of d0, i.e. is discrete, a change in
the thickness by one atomic layer leads to discontinuous shifts of the energies of quantum well
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Figure 6: Schematic illustration of electron
confinement in an ultra-thin metallic film on
a crystal with a band gap. The finite con-
finement potentials towards the vacuum and
the substrate allows the wave function to tun-
nel into a region which is classically forbidden
(adapted from [35]).
states. These discrete changes allow for a determination of the absolute film thickness through
the measurement of the binding energies as a function of deposition time.
The repulsive image potential is due to the charge spilling into the vacuum and the induced energy-
dependent phase shift upon reflection is calculated in the Wentzel-Kramers-Brillouin (WKB)
approximation [36]:
ΦV = pi
(√
3.4 eV
EVac − E − 1
)
(27)
where EVac denotes the vacuum energy level in eV. It should be noted that all ultra-thin Pb films
investigated in this thesis produce the same metal-vacuum phase shift.
For constructive interference an electron traveling towards the substrate must be reflected by the
metal-substrate interface. In the case of a semiconducting material such as Si the reflection is
due to the lack of bulk states within the absolute energy gap to which the electrons can couple.
In addition, confinement of electrons in the overlaying material can be also realized in systems,
where the substrate has a directional band gap such as the case for noble metals Ag, Au and Cu
in the [111] direction [37–39]. The energy-dependent phase-shift at the metal-substrate interface
is given by [40]:
ΦS = A+B
√
E − E0Θ(E − E0) (28)
Here A is in general unknown and serves as a fit parameter, E0 is the energy of the valence band
maximum, Θ the Heaviside function, and B a constant related to the electronic structure of the
substrate. One of the main advantages of the PAM is that the exact nature of the complex
potentials at the interfaces need not necessarily to be known. The influence of the potential
variations at the interfaces is modeled by phase shifts.
3.1.2 Probability density distribution
Having established the general description of QWS we will now show how the phase shifts across
the interfaces influence the probability density |ψ(z)|2 of the confined electron waves. Figure 7
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Figure 7: Calculated probability density of QWS with quantum numbers n = 1−3 confined in (a)
a symmetrically and (b) an asymmetrically terminated Ag film, where one termination is vacuum.
(c) Illustration of the confinement threshold: states with energies above the sp valence band edge
of Au(111) (marked as a dashed line) are QWS, while states below the edge are quantum well
resonances (adapted from [37]).
displays a calculation of |ψ(z)|2 for (a) a symmetric film composed of a 24 ML thick Ag film sand-
wiched between two semi-infinite Au(111) crystals and (b) an asymmetric film between Au(111)
and vacuum, both for quantum numbers n = 1, 2, and 3 [37]. The probability density actually
consists of a rapid oscillation accounting for the inter-atomic periodicity normal to the surface,
known as the Bloch factor, which is modulated by a longer wave component from the standing
wave solutions as defined in Eq. 26. Thus the quantum number n counts the number of anti-nodes
in the quantized envelope function. For the case of a symmetric confinement the probability den-
sity extends to the same amount at both sides of the well, while for the asymmetric confinement
|ψ(z)|2 is shifted towards the Au substrate irrespective of n. The fast decay of the states towards
the vacuum is due to the large energy difference between the energetic position of the QWS and
the vacuum level.
According to Fig. 7 (c) confinement of electrons in Ag is mediated by the k-dependent energy gap
of Au(111) of 1.1 eV width measured from the top of the sp valence band (marked as a dashed
line) to the Fermi level. Only within this energy window QWS can be confined, while outside the
gap so-called quantum well resonances (QWR) form because of the available density of states in
the substrate. The state labeled with n = 3 is slightly above the confinement threshold, giving
raise to a long tail into the substrate. For a slightly thinner Ag film, this state would eventually
drop below the confinement threshold resulting in a QWR.
As will be shown in Chap. 4, in a photoemission experiment one can clearly distinguish between
QWS and QWR based on their linewidth, and therefore accurately determine the confinement
threshold.
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3.1.3 Bandstructure quantization
As can be seen from Eq. 26 the reduction of the dimensionality leads to the quantization of the
momentum perpendicular to the confinement direction z. The allowed normal wave vectors in the
film are calculated from Eq. 26 via
kz,n =
pin
d0N
− 1
N
(
ΦS + ΦB
2d0
)
(29)
As a consequence the bulk band structure in the Γ-L direction of the material gets quantized in
equal parts separated by 1/N corresponding to the number of monolayers N . Thus the energy
levels are not defined by Eq. 25, but through the kz-quantization. This situation is visualized
in Fig. 8 (a) for a freestanding Pb film of 11 ML thickness, i.e. N = 11. Pb has an electronic
configuration of [Xe]4f155d106s26p2 with 4 valence electrons and can be regarded as simple metal
with quasi free-electron-like sp-bands that cross the Fermi level. It should be noted that QWS
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Figure 8: (a) Quantization of bulk band structure of Pb along the [111] direction for a film
thickness of 11 ML. Notice that due to the back-folding of the p-like band from the second Brioullin
zone the numbering n of the states starts at the L-point. (b) Energy levels as a function of film
thickness. For constant n and increasing thickness the levels move down in energy. Approximately
every 2 ML a new state crosses the Fermi level and becomes occupied (adapted from [41]).
with momenta kz,n cutting the band dispersion between the Fermi level and the sp band gap of
Pb are derived from p-orbitals, while states originating from the quantization of the band below
the gap are 6spz derived. However, in the present case of Pb on Si(111), the valence band edge of
Si provides the confinement threshold which allows for the observation of QWS only in the energy
window of size 0.6 eV, measured from EF . Consequently, all investigated states in this thesis are
derived from p-orbitals.
A direct consequence of the bandstructure quantization is that the energy spacings between QWS
are sensitive to the dispersion of the band from which they are derived. Therefore a detailed study
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of QWS energies as a function of thickness allows the determination of the bulk band structure
of the film material which is usually not a trivial task [42, 43]. The advantage of this method
is also that such an experiment can be performed with a single photon energy, in contrast to
other techniques. However this method is restricted, of course, to materials which form crystalline
structures on a supporting substrate.
Figure 8 (b) displays the evolution of the QWS binding energy with thickness at normal emission.
As the film thickness increases a new state crosses the Fermi level with a periodicity of ≈ 2 ML
and becomes occupied. Consequently the density of states (DOS) at EF oscillates as a function
of film thickness. Since many physical properties depend on the DOS at EF they will oscillate as
well. This is the driving force for the so-called quantum size effects (QSEs) which are of electronic
origin because the periodicity of Fermi level crossings depends on the Fermi wave vector kF of
the material and the inter-plane distance d0. For Pb with d0 = 2.86 A˚ and kF = 0.49 A˚
−1 the
number of monolayers that are needed to add one extra QWS to the upper branch is:
∆N =
λF
2d0
=
pi
kFd0
= 2.24 ML (30)
Note, the p-like band dispersing through the Fermi level is back-folded from the second Brillouin
zone with the band bottom at the L-point and kF should thus be determined relative to this
point [41,44].
3.2 Quantum size effects
QSEs have been observed for many physical properties in Pb/Si(111), such as oscillations in the
Hall coefficient [45], in the 2D conductivity [46], in the surface chemical reactivity [47], in the
reflection high energy electron diffraction (RHEED) specular beam intensity during the growth of
Pb films on Si(111) [48], and in the superconducting transition temperature [49].
Another intriguing property due to QSEs in Pb/Si(111) is the formation of the so-called magic
height islands which is related to self-organized growth [50–53]. Figure 9 (a) shows the thickness-
dependent oscillations of the surface energy of a free-standing slab calculated with DFT. A stable
thickness, i.e. with a low surface energy, has an occupied QWS far away from the Fermi level.
Comparing with Fig. 8 this is the case for even thicknesses (N = 2, 4, 6, 8), while unstable islands
are of odd thickness (N = 3, 5, 7, 9). Figure 9 (b) shows a topography image of Pb islands grown
on a (
√
3 ×√3)R30◦-Pb/Si(111) reconstruction which was measured using a scanning tunneling
microscope (STM) [50]. In this experiment Pb has been stepwise deposited; first 1.6 ML followed
by 1.3 ML on top of the already formed islands. The numbers label the island height measured
from the Si(111) substrate. Although a total amount of 2.9 ML has been deposited the majority
of islands are of 6 ML height, which agrees well with the aforementioned stable thickness. Most
strikingly is however the observed growth morphology which depends on whether the island is
stable or not. While the unstable islands complete their top by growing from the perimeter
towards the center, the growth mechanism on top of a stable island is favored by the nucleation
of small compact islands at the island center. The authors explain this behavior in terms of QSEs
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Figure 9: Examples of QSE: (a) Oscillation of the surface energy as a function of film thickness
(adapted from [41]). The surface energy is minimal for a thickness of 2 ML, i.e. when a QWS is
far away from EF and maximal for a thickness of 3 ML, i.e. when a state is close to EF , compare
with Fig. 8 (b). (b) STM topography image of stable and unstable Pb islands. Notice the different
growth mechanism for unstable and stable islands. (c) Oscillation of the diffusion barrier as a
function thickness. Stable islands (even thickness) have a high diffusion barrier and vice versa
(both Figs. adapted from [50]).
and the associated oscillation in the diffusion barrier as shown in Fig. 9 (c). The diffusion barrier
is the energy barrier that an atom has to overcome in order to diffuse on top of the Pb film. It is
maximal for stable heights, where the surface energy is low and vice versa.
These few examples already demonstrate that many interesting phenomena can be studied in
Pb/Si(111). Prerequisite for theses studies is that QWS are trapped in well-defined films on top
of Si. In this thesis we will also show that crystalline films of high quality can be also fabricated
on differently reconstructed Si substrates.
3.3 The bandstructure of Pb QWS
In the previous section the quantization of the band structure along the growth direction has been
introduced as the major consequence of size reduction. Within the sample plane the electrons
form a quasi 2DEG that is expected to behave nearly free-electron-like since no confinement along
the in-plane directions exist.
A prototypical example illustrating the quasi free-electron-like dispersion within the sample plane
is Pb grown on graphitized SiC [51], as shown in Fig. 10. The cut through the two-dimensional
hexagonal surface Brillouin zone (SBZ) along the crystallographic direction Γ-M resolves several
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Figure 10: Measured and calculated bandstructure of Pb QWS on crystalline graphite along the
Γ-M direction. Within the photon beam size two types of stable islands are present, which give
rise to several electron-like subbands (red and black lines) around Γ0. The band structure of Pb
QWS consists also of quantized 6px,y derived bands, which have band minima around the M -point
of the surface Brioullin zone (adapted from [51]).
electron-like subbands, i.e. QWS, around normal emission (Γ). These subbands arise from dif-
ferent kz of the quantized p-like band as schematically shown in Fig. 8 and are derived from 6pz
orbitals. Another class of quantized bands is also visible for larger emission angles. These bands,
derived from 6px,y orbitals, cross the Fermi level approximately half the way of Γ-M and feature
a considerably larger dispersion.
A characteristic feature of the band structure is the avoided crossing hybridization between the
6pz and 6px,y derived bands accompanied by an opening of energy gaps. These gaps are caused by
interband spin-orbit coupling and further consequences will be discussed in more detail in Chap. 7.
Superimposed on the band structure are DFT calculations for a free-standing Pb slab with
d1 = 2 ML (blue curve) and d2 = 4 ML (red curve), which perfectly match with the mea-
sured ARPES data. Therefore the deposition of nominal 2 ML Pb on the substrate forms two
magic islands of even thickness, in line with the predictions by QSEs. This example also demon-
strates how the microscopic composition of the film can be revealed from the energy spacings of
the QWS together with DFT calculations.
In Chapter 4 we will discuss in more detail the dispersion of the 6pz derived bands and show that
the effective mass is sensitive to the interface formed between the Pb film and the Si substrate.
3.4 The Schottky barrier
The Schottky barrier (SB) is an important property of a metal-semiconductor (MS) contact as
it is the rectifying energy barrier which determines current transport across the junction [54].
In the original model proposed by Walter Schottky the barrier height was solely determined
by the difference between the work function of the metal (ΦM ) and the electron affinity of the
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semiconductor (χS) [55]:
ΦSBn = ΦM − χS (31)
However this relationship could not be verified by experiments. The measured barriers were only
weakly dependent on the metal’s work function. The reason for the failure of this model is because
it assumes no interaction to take place when the semiconductor is brought into contact with a
metal. Or differently speaking, the charge is treated as a superposition of the isolated surfaces.
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Figure 11: Schematic band diagram (not to scale) of a
metal-semiconductor (n-type) interface according to the
interface dipole model (adapted from [54]).
That this assumption must fail per se becomes evident when we consider the formation of a metal-
semiconductor interface with a polar surface, such as the (7 × 7) reconstruction of Si(111). This
surface contains dangling orbitals, which is an energetically unfavorable state. When foreign atoms
are deposited on such a surface, chemical reactions with the Si atoms will break old bonds and
create new bonds through charge rearrangement. This process, driven by energy minimization,
will therefore establish an interface dipole, which directly contributes to the SB as schematically
shown in Fig. 11. Within the interface dipole model (IDM) the correction to the Schottky model
is written as [56]:
ΦSBn = ΦM − χS + eVint (32)
= γB(ΦM − χS) + (1− γB)Eg
2
(33)
where
γB = 1− e
2dMSNB
it(Eg + κ)
(34)
Here Vint is the voltage drop due to an interface dipole, dMS is the distance between the metal
and semiconductor atoms at the interface, it is the dielectric constant of the interface region, NB
is the density of interface bonds, κ is the specific Coulomb interaction between the neighboring
atoms at the interface, and Eg the band gap of the semiconductor. The Schottky limit is obtained
for γB → 1, that is the case of a vanishing dipole contribution. Several experiments performed
in the past indicate the validity of the model, see Refs. [57–59]. For example, Tung reported a
difference in the SB by 140 meV for two types of interfaces in Si(111)-NiSi2, where in one of both
the silicide is rotated by 180◦ [60, 61]. This difference cannot be explained by the bare Schottky
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model, because it does not account for interface chemistry. Also in Pb on Si(111) a correlation
between the SB and the interface structure has been suggested to explain the difference in the
measured barriers by Heslinga et al. [62]. For Pb films grown on the (7 × 7)-Si reconstruction
a SB of 0.7 eV was measured, and 0.93 eV was measured when Pb films where grown on the
(
√
3×√3)R30◦- Si reconstruction.
In Section 4.7 we will apply the interface dipole model to explain the modification in the SB by
metallic interlayers placed between the Si substrate and the Pb film.
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through interface engineering
The goal of this chapter is to explore the influence of the transition region between the metallic
Pb overlayer and the semiconducting Si substrate on the electronic properties of QWS. We focus
on three different Si terminations using Bi, Pb, and Ag as interfactants, which form well-organized
and abrupt interfaces. This chapter is organized as follows. First, an overview of experiments is
given investigating the influence of the metal-substrate interface on the properties of Pb QWS.
In the second part we will introduce the interfaces and investigate their surface symmetry and
electronic structure. A special care is devoted to the change of the Si 2p core-level spectra upon
formation of the interfaces. In the third part we focus mainly on Pb QWS grown on the Bi
interface and demonstrate that this interface is abrupt and that high quality Pb layers can be
grown on top. The main part of this chapter investigates the still debated origin of the unexpected
anomalous effective mass found in Pb QWS on the Pb reconstructed Si substrate using several
techniques as introduced in Chap. 2. In the last part we will determine the Schottky barriers of
the systems and discuss possible correlations between the interface dipole and the effective mass.
4.1 Overview
In Chap. 3 the metal-substrate interface phase shift has been introduced which models the
influence of the substrate on the electronic properties of QWS. The following example demonstrates
how different interfactants can modify this boundary condition, thereby changing e.g. the thermal
stability of the films. D. A. Ricci et al. studied the electronic and thermal properties of Pb
films grown on Si(111) terminated by In, Au, and Pb as interfactants [63]. Figure 12 (a) shows
the measured binding energy of the QWS as a function of film thickness, similar to Fig. 8 (b).
Although In and Pb induce similar
√
3 reconstructions on Si(111), the binding energies of the QWS
can vary up to ≈ 0.8 eV among the two interfaces for the same quantum number n and thickness
d0N . This difference in Eb already indicates that the width of the effective confinement box (deff )
is larger for the Pb reconstructed substrate, as E ∝ d−2eff . The larger penetration depth of the
envelope function in Pb/Pb/Si(111) can be approximated by inspecting the occupied energy levels
closest to the Fermi level. The states in Pb/In/Si(111) nearly interlace the corresponding levels for
Pb/Pb/Si(111) at ∆N = ±1, i.e. the penetration depth differs by ≈ 2.85 A˚. A simultaneous fit of
the measured energies using the phase accumulation model together with the interface phase shift
according to Eq. 28 allows to quantify the influence of the interfaces. The obtained phase shift
difference of both interfaces |ΦPbS (E)− ΦInS (E)| ≈ pi suggests that both systems are nearly out of
phase in regard to quantum well properties. This is nicely demonstrated in Fig. 12 (b), where the
stability temperature (TS) of the systems as a function of film thickness is shown. All three systems
exhibit the typical bilayer oscillation of TS due to the QSE. While in Pb/In/Si(111) the stable
films are of odd thickness (N = 5, 7, 9), in Pb/Pb/Si(111) these are of even thickness, i.e. N = 6, 8.
As discussed above the reason for the stability phase reversal is that the electronic structure of
Pb/In/Si(111) is similar to that of Pb/Pb/Si(111) at thicknesses differing by ∆N = ±1.
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Figure 12: (a) Measured binding energy of QWS in Pb films at normal emission grown on the
In-, Au-, and Pb-terminated Si(111) surfaces as a function of film thickness Nd0. (b) Temperature
of the same systems at which the films become unstable (adapted from Ref. [63]). (c) Measured line
width of QWS in Pb films at normal emission grown on the Ag-, In-, and Pb-terminated Si(111)
surfaces as a function of film thickness Nd0. The vertical line denotes the transition from QWS
to QWR and hence the energetic position of the band edge of Si (adapted from Ref. [40]).
Within the interface dipole model it is argued that the Schottky barrier is sensitive to the interface
structure. Here we will present a work done by the same group that indicates the validity of
this model. The authors investigated the SB of Pb films grown on n-type Si(111) substrates
with different terminations made of Ag, In and Pb [40]. As explained in Sec. 3.1.2, QWS with
energies within the band gap of the substrate cannot couple to any bulk states. As a consequence
an electron that impinges on the interface will be perfectly reflected, resulting in an interface
reflectivity, which is close to one. Such states give rise to narrow photoemission line shapes. On
the other hand electronic states with energies outside the gap, commonly referred to as quantum
well resonances, give rise to broad peaks due to the resonant coupling. By measuring the line
width with ARPES as a function of QWS binding energy it is possible to determine the transition
from QWS to QWR and derive the confinement edge (E0) which is related to the SB. The results
of applying this method are shown in Fig. 12 (c). For the Pb interface, electronic states with
Eb < 0.55 eV are truly confined whereas for the In interface sharp peaks can be observed down
to Eb < 0.58 eV. These findings are consistent with the determined Schottky barrier, which is
0.62 eV for the Pb and 0.55 eV for the In interface.
In the last part of the present Chap. we will apply the same method to determine the Schottky
barriers of the Pb films containing interfactants. However in contrast to the study of Ref. [40] we
will derive the resulting band energy diagram within the interface dipole model, and also relate
the observed core-level-shifts of the Si 2p spectrum to charge transfer at the interface.
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4.2 The (7× 7) reconstruction of Si(111)
Silicon is an ideal substrate to study electron confinement in low-dimensional systems. This is
because (i) it provides the necessary (global) band gap to confine electrons, (ii) high quality wafers
are commercially available with variable doping concentrations of either p- or n-type, and most
importantly (iii) Si(111) forms high quality interfaces with foreign atoms. The atomic structure
of the (7 × 7) reconstruction of Si(111) has been studied for more than five decades. Nowadays
the complicated surface superstructure is well described by the so-called dimer-adatom-stacking
(DAS) fault model proposed by K. Takayanagi et al. based on data obtained using transmission
electron diffraction [64].
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Figure 13: (a) Top and side view (b) of the DAS model of the (7× 7)-Si(111) surface (adapted
from [65]). (c) LEED pattern of the surface indicating high surface quality. (d) Valence band
spectrum at normal emission showing the characteristic surface states S1 and S2 corresponding
to adatom and rest atom dangling bonds, respectively. (e) Si 2p core-level spectrum from the
Si(111)-(7× 7) surface obtained at 80 K. The spectrum was fitted assuming three surface C1, C2,
C3 and one bulk B component, resulting in energy shifts of 250, -770, 490 meV, respectively. The
spin-orbit splitting between the p3/2 (solid curve) and p1/2 (dashed curve) components was 602
meV and the branching ratio 0.5.
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The unit cell, as schematically shown in Fig. 13 (a), consists of 12 adatoms, 6 rest atoms and
one corner hole atom. For example at each of the adatoms there is a partially filled dangling-
bond orbital, which hosts a surface state responsible for the metallic character of the surface, in
contrast to the semiconducting substrate [65–68]. This is seen in Fig. 13 (d), where the valence
band spectrum exhibits strong surface state emission at binding energies Eb = 0.20 eV and 0.82 eV.
Notice that the metallicity of this surface is still a subject of discussion in the literature. Emission
from surface states can only be observed for clean surfaces without contaminations. To form a
(7×7) surface reconstruction we degassed the wafer at 600 K for 24 h and flashed several times
above 1300 K to remove adsorbates.
A complementary way of verifying a high surface quality is given by recording the Si 2p core-level
spectrum. The rather broad and complicated shape of the Si 2p spectrum, shown in Fig. 13 (e),
originates from Si atoms at the surface that are in different chemical environments due to the
highly reconstructed surface. By using a standard curve-fitting procedure utilizing Voigt-profiles
we can decompose the spectrum into three surface components and one bulk component following
Ref. [69]. Due to spin-orbit interaction each component consists of a doublet characterized by
the quantum number j = l ± s. For l = 1 (p-orbital) it follows that the peaks are assigned as
j = 3/2 and j = 1/2. In the fits we have constrained both, an energy splitting of ∆E = 602 meV
between the components of a doublet and the branching ratio which is related to the respective
degeneracies (2j+1) and thus 2 : 1. According to the authors of Ref. [69] the component C2 arise
from rest atoms, the adatoms give rise to the component C3. The component C1 is due to atoms
that bind to the adatoms. These assignments can be directly deduced from the fitting analysis.
Recalling that the (7×7) unit cell consists of 12 adatoms and 6 rest atoms, we expect an intensity
ratio between C3 and C2 of roughly 2. The intensity of C1 component is three times that of C3
because each adatom binds to three surface atoms [70].
The most important property of this surface reconstruction is its chemical reactivity due to the
partially filled dangling bond orbitals pointing towards the vacuum, as schematically depicted in
Fig. 13 (b). As will be shown in the next paragraph, the deposition of foreign atoms together
with a mild annealing process will lead to severe restructuring at the surface and to the formation
of a well-defined interface highly suitable for the growth of ultra-thin Pb films.
4.3 The (
√
3×√3)R30◦ reconstruction of Si(111)
The growth of high quality Pb films on Si(111) requires an atomically flat substrate. The
Si(111)-(7 × 7) surface contains adatoms and corner holes, which make the surface rough [71],
see Fig. 13 (b), with a surface corrugation of ≈ 2 A˚ [72]. Very similar to the formation of standing
light waves within a resonator, e.g. a laser cavity, the mirrors have to be flat in order to avoid in-
coherent backscattering. Waves that are incoherently backscattered loose their phase information
and do not contribute to the charge density of a QWS. In order to increase the quality of the inter-
face (mirror), all Pb films in this work were grown on surface reconstructions with (
√
3×√3)R30◦
symmetry. The geometric and electronic structure of these interfaces will be briefly described in
the following sections.
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4.3.1 Si(111)-(
√
3×√3)R30◦-Bi(β)
The deposition of approximately 3 ML of Bi onto the clean Si(111)-(7× 7) at T = 80 K followed
by subsequent annealing results in the formation of a Si(111)-(
√
3 × √3)R30◦-Bi reconstruction
(henceforth Bi-
√
3) [73–75]. From previous studies it is known that Bi has two
√
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Figure 14: (a) Top view of the dense β-
√
3-Bi reconstruction on Si(111). (b) LEED pattern of the
Bi reconstructed surface with electron energy of 67 eV demonstrating the (
√
3×√3)R30◦ symmetry
of the surface. (c) Band structure of the clean Si(111)-(7 × 7) surface measured with ARPES.
The surface states are labeled. (d) Band structure after preparation of the
√
3-Bi reconstruction.
(e) Measured Si 2p spectra for the clean Si substrate and Bi-
√
3 indicating a strong modification
of the Si surface. (f) Analysis of the background-corrected Si 2p spectrum on the Bi-
√
3 utilizing
two Voigt-profiles spin-split by 602 meV and a branching ratio of 0.5.
phases on Si(111) which form depending on the initial coverage and the annealing process [74]. The
α-phase forms at T > 640 K with 13 ML coverage in substrate units (1 ML = 7.83×1014 atoms/cm2)
whereas the denser β-phase forms for temperatures below 640 K and has a coverage of 1 ML. The
corrugation of this structure is below the experimental resolution of a X-ray diffraction study
performed in Ref. [76], suggesting only little or no surface relaxation. In our preparation method
the annealing temperature was below 600 K, hence we conclude that the β-phase is formed. The
top view of this phase is shown in Fig. 14 (a). The Bi atoms form trimers centered above Si
atoms of the second layer9. The (
√
3 ×√3)R30◦ unit cell of the Bi trimer is rotated by 30◦ and
expanded by a factor of
√
3 with respect to the (1 × 1) unit cell of the Si(111) substrate. The
high quality of the interface is confirmed by LEED, as shown in Fig. 14 (b), where sharp spots
are observed on a low background.
9In the α-phase the trimer is replaced by one Bi atom that is centered at the Si atom of the 2nd layer.
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After creation of the β-phase, the non-dispersing surface state bands S1 (adatom) and S2 (rest
atom) disappear and the top of the valence band (VB) of Si is shifted by ∆EV B = −0.35 eV to
lower binding energy from initially 2.1 eV to 1.75 eV, which is apparent from a comparison of
Figs. 14 (c) and (d). This band shifting indicates that an electric dipole layer is created. The
Schottky barrier of this interface will be discussed later.
Figure 14 (e) compares Si 2p spectra recorded from the clean (7× 7) surface and from the Bi-√3
reconstruction. We observe not only a drastic change in the shape of the spectrum but also an
energetic shift of ∆ECLS = −340 meV toward lower binding energies, which is in line with the
shift of the VB. The spectrum has been fitted, after subtraction of a Shirley-type background,
with two spin-orbit split Voigt profiles representing the bulk component. The width of the peaks
was 226 meV, and hence close to the value, which we obtained for the width of the bulk component
on the (7 × 7) surface, i.e. 220 meV. Surprisingly there is no need to add a surface component
representing e.g. topmost Si atoms bound to the Bi trimers to improve the fit results. Similar
findings were also observed in Bi/Si(110) [77], and in Sb/Si(111) [78].
4.3.2 Si(111)-(
√
3×√3)R30◦-Pb(α)
Pb/Si(111) is one of the prototype systems for studying the ordering of a two-dimensional over-
layer on a semiconducting substrate. This is mainly because depending on the initial coverage,
temperature and annealing history many phases can form. Any small changes in the temperature
or/and in the coverage will lead to another phase. Such a behavior is known in the literature as
the devil’s staircase [79]. In this work the so-called α-phase with a corrugation of 0.23 A˚ and total
coverage of 43 ML has been used to improve the interface quality. A scheme of the reconstruction is
shown in Fig. 15 (a). It consists of Pb trimers centered above Si atoms from the second layer with
an additional Pb atom at the so-called T4 site. The unit cell contains 4 Pb atoms and has
√
3×√3
symmetry as confirmed with LEED shown in Fig. 15 (b). We point out that it is not possible
to distinguish between the α- and the β-phase (coverage 13 ML) from the LEED pattern alone,
because of the identical unit cells. However, from our measured Si 2p spectrum (shown later) and
the preparation procedure, i.e. annealing in front of the LEED optics just until
√
3 forms, we can
safely exclude the formation of the β-phase, since this phase needs a higher activation energy for
desorption of the excess Pb [80].
It should be noted that the nomenclature is inverted and that the Bi β-phase and the Pb α-phase
are very similar in the sense that both form a trimer-type structure. To avoid confusion we will
refer to both phases as the dense phase, based on the higher coverage compared to the competing
phases.
Figure 15 (c) compares ARPES data of the clean Si(111)-(7 × 7) and of the Pb-√3, both taken
at Ts = 80 K and a photon energy of 24 eV. We observe a rigid valence band shift toward lower
binding energies and some weak emission from surface states having hole-like dispersion (marked
as a green arrow). The band shift is larger by approximately 470 meV compared with the VB shift
in Bi-
√
3. The larger upward band bending is also reflected in the Si 2p spectrum, that exhibits
a similar shift by 780 meV, see Fig. 15 (d). Furthermore, in the Si 2p spectrum of Pb-
√
3 the
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Figure 15: (a) Structural model of the dense phase of Pb on Si(111) (adapted from [80]).
(b) LEED pattern from the same phase obtained at an electron beam incident on the surface
with an energy of 45 eV. (c) Comparison of valence band photoemission spectra from (left panel)
the clean (7 × 7) reconstruction and (right panel) from the Pb reconstructed surface. (d) Si 2p
spectra recorded from the clean and from the Pb reconstructed Si surface. (e) Decomposition of the
Si 2p spectrum into a spin-orbit split bulk (B) and surface component (C). The fit was performed
with the following constraints: branching ratio 0.5 and spin-orbit splitting 600 meV.
filling of the minimum between the bulk doublet is larger and a shoulder at higher relative binding
energies is seen, suggesting the presence of a surface component around this energy. We point
out that the competing β-phase (0.33 ML) contains a pronounced surface component at lower
binding energies which is absent in our spectrum [81,82]. According to Ref. [82] the C component
is assigned to emission from Si atoms from the topmost layer.
4.3.3 Si(111)-(
√
3×√3)R30◦-Ag
The
√
3-Ag/Si(111) reconstruction is one of the most intensively studied systems by various tech-
niques [83]. The geometrical structure with a lowest total energy is described within the inequiva-
lent triangle (IET) model revealed by H. Aizawa et al. in 1999 [84] and experimentally confirmed
in Refs. [85, 86]. A schematic drawing of this model is shown in Fig. 16 (a). In contrast to the
Bi- and Pb-induced reconstructions, Ag forms two trimers of different sizes in an unit cell with
a coverage of 1 ML (in substrate units) that are centered on Si atoms of the second layer. The
surface corrugation is 0.75 A˚ as determined with low energy ion spectroscopy [88]. The LEED
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Figure 16: (a) Top view of the Ag-
√
3/Si(111) surface according to the IET model (from
Ref. [84]). (b) LEED pattern of the surface recorded with Ekin = 50 eV. (c) Band structure
of the Ag reconstructed Si(111) indicating a high interface quality due to the observation of several
surface state features (see text below). (d) Comparison of Si 2p spectra of the clean Si surface
and of Ag-
√
3/Si(111). We measure a core-level shift of -150 meV. (e) Fit of the Si 2p spectrum
according to Ref. [87]. The solid (dashed) lines represent the p3/2 (p1/2) components. The spin-
orbit splitting was 602 meV and the branching ratio 0.5. (f) Cuts through the band structure of
Ag/Si(111) (also indicated in (c)) at various emission angles.
pattern of Ag-
√
3, shown in Fig. 16 (b), visualizes the
√
3 × √3)R30◦ symmetry of this recon-
struction. Figure 16 (c) shows the measured band structure of Ag-
√
3 along the Γ-M direction of
the
√
3 surface Brillouin zone and in Fig. 16 (f) we show EDCs at various emission angles. Several
features are observed. The intensive and non-dispersive bands at Eb = 5−7.5 eV arise from the 4d
valence states of Ag. Following Refs. [89, 90] the surface state (labeled as S2) at ≈ 1 eV binding
energy originates from the covalent interaction between Si and Ag. The state S4 at ≈ 3 eV is due
to the backbonds of the topmost Si atoms forming Si triangles and the 5s component of the surface
Ag atoms. Further, around Γ and Eb = 1 eV a third band with a hole-like dispersion becomes
visible and its origin is the same as for S3 of Refs. [89,90]. Compared to Bi/Si and Pb/Si, the Ag
reconstruction produces the richest surface electronic structure and we do not observe emission
from the Si VB. An estimation of shifts due to band bending is therefore not possible. However
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from our measurements of the Si 2p spectra, shown in Figs. 16 (d) and (e), we can deduce a shift
toward lower binding energy by ∆E = -150 meV when the interface is formed. This is the smallest
shift among the studied interfaces. Furthermore, the Si 2p spectrum of Ag/Si is rather broader
indicating that several surface components are present. We have fitted the spectrum according to
Ref. [87] with three surface components; the major component C1 originates from the top Si layer
that bonds to the Ag trimers. The component C2 and C3 are attributed to subsurface layers.
4.4 Stability of the Bi interface and of the ultra-thin Pb film
Before we discuss the properties of the QWS in the Pb films on the Bi-
√
3 interface we will first
show that this interface is stable against intermixing with the Pb overlayer and that the properties
of the QWS do not change significantly on the time scale of days. Each Bi atom of the interface
binds covalently with one Si atom of the substrate and with two neighboring Bi atoms forming
the so-called trimer centered at the T4 site [73]. The bonding to the Si atom is stronger than the
bondings within the trimer, because with increasing substrate temperature the trimer-phase can
be transferred into the α-phase, where only one Bi atom is bound to three Si surface atoms. To
investigate possible intermixing we used X-ray photoelectron spectroscopy (XPS), see Fig. 17 (a),
to map the 5d core-levels of Bi and Pb. The red spectrum corresponds to
√
3-Bi/Si(111) and
the black spectrum to 9 ML of Pb on this substrate. The thin crystalline Pb film was grown by
deposition at a rate of 13 ML per minute onto the freshly prepared reconstruction after cooling down
again to below 100 K. The 5d3/2 and 5d5/2 core-levels of Pb and Bi are easily identified and labeled
accordingly in Fig. 17 (a). The intensities of the Bi core-levels are drastically reduced after Pb
deposition, which is a first indication that no intermixing occurs at the interface. The remaining
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Figure 17: (a) Photoemission of Pb and Bi 5d core-levels from Bi-
√
3/Si(111) (red/grey) and of
9 ML Pb/Bi/Si(111) (black). Both large-Z metals (ZPb = 82, ZBi = 83) show strong spin-orbit
split d-states. (b) Core-levels of Bi before (red/grey dots) and after Pb deposition (black dots).
The Pb overlayer induces a chemical shift by 350 meV towards lower binding energy. The curves
are shifted on the vertical scale for clarity.
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Bi intensity is either due to the fact that the Pb layer is not fully closed and small regions with
the bare substrate remain visible, or due to electrons emitted from Bi atoms at the interface.
To quantify what Pb thickness one would require for the second scenario the spectrum after Pb
deposition was further analysed according to Ref. [91] with the Bi interface taken as an 1 ML
substrate and the Pb overlayer as a thin film:
IPbσBiN
0
Bi
IBiσPbN
0
Pb
=
1− exp −dPbλPb
exp −dPbλPb − exp
−dBi
λPb
. (35)
Here IPb and IBi are the measured intensities, σ is the photoionization cross section [92], for
Pb σPb = 21.55 Mbarn and for Bi σBi = 28.03 Mbarn, N is the surface atomic density with
N0Pb = 9.43 · 1014 atoms/cm2 and N0Bi = 7.83 · 1014 atoms/cm2. dPb and dBi are the thicknesses
of the Pb overlayers and of the Bi layer. λPb = 5 A˚ is the mean free path of the photoelectrons
in the Pb layers. From Eq. 35 we obtain a thickness dPb = 18 A˚ which corresponds to 6.1 ML of
Pb. From the analysis of the binding energy of the QWS, which provides an intrinsic thickness
calibration, we obtain a thickness of 9 ML. In case of intermixing, the ratio of the 5d core-level
signals of Pb and Bi would be IPb : IBi = 6 : 1 for the same amount of Bi in a 9 ML Pb film, and
thus significantly smaller than the measured ratio of 56 : 1. We therefore conclude that the Bi
interface is stable against intermixing with Pb at the low temperatures under investigation. This
result is not surprising since the bonding of the Bi to the Si substrate lowers the surface energy by
filling dangling bonds. Although the Bi does not intermix with the Pb, its chemical environment
is altered due to the Pb layer on top. As shown in Fig. 17 (b) this results in a shift of the Bi
core-levels by about 350 meV to lower binding energies.
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Figure 18: (a) Spectrum of a QWS shortly after preparation (triangles) and after 44 h (squares).
(b) 5d Core-levels of Pb 24 h after preparation fitted with the clean and oxidized Pb components.
A further advantage of the investigated ultra-thin films is their stability over time. Figure 18 (a)
shows energy distribution curves normalized to their maximum of a QWS shortly after prepara-
tion (triangles) and after 44 h (squares) exposure to the residual gas of the ultra-high vacuum
chamber. The 5d core-levels of Pb (see Fig. 18 (b)) show an additional shoulder after 24 hours of
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measurement, which can be attributed to oxidation of the Pb top layer. However, the peak width
and the binding energy of the QWS are not affected by this oxidation and remain constant over
time. The only quantity that changes is the peak-to-background ratio, which decreases from 1 : 0.3
to 1 : 0.4 presumably due to an increased number of adsorbates on the surface. This temporal
stability of the system is advantageous as it allows to perform long time measurements, but it also
indicates that the QWS survive a significant contamination as long as the sample is kept at low
temperature. One would expect a change of the metal-to-vacuum phase shift, when the topmost
layer becomes oxidized which in turn should influence the binding energy of the QWS. However,
Peng et al. have studied temperature dependent oxidation of the Pb(111) surface with STM [93]
and found that at low temperature (≈ 80 K) and low coverage (< 6 L10) only small-size oxide
clusters form. These clusters will serve as point defects resulting in an increase of the background
without significant change in the confinement of the QWS. The oxidation processes may have an
influence on ΦV at higher coverages when a closed oxide layer forms [94].
4.5 Controlling the effective mass through interface engineering
Having shown that the Bi interface is stable against burial we will now turn to the main part of
this chapter where we study the in-plane effective mass of quantum well states in thin Pb films
on a Bi reconstructed Si(111) surface by angle-resolved photoemission spectroscopy. It is found
that this effective mass is a factor of three lower than the unusually high values reported for Pb
films grown on a Pb reconstructed Si(111) surface. Through a quantitative low energy electron
diffraction (LEED) analysis the change in effective mass as a function of coverage and for the
different interfaces is linked to a change of around 2% in the in-plane lattice constant. To corrob-
orate this correlation, density functional theory calculations were performed on freestanding Pb
slabs with different in-plane lattice constants. These calculations show an anomalous dependence
of the effective mass on the lattice constant including a change of sign for values close to the
lattice constant of Si(111). This unexpected relation is due to a combination of reduced orbital
overlap of the 6pz states and altered hybridization between the 6pz and 6pxy derived quantum well
states. Furthermore we show that a similar effect can be also achieved with a Ag reconstructed Si
substrate. In this system the effective mass is even further reduced compared to Pb/Bi/Si(111).
4.6 The in-plane dispersion of QWS
The unusual flat in-plane dispersion of Pb QWS on Pb-
√
3/Si(111) is still a subject of discussion.
Before we present our results and discussion we will first review some previous measurements of
band dispersions of Pb QWS on different types of interfaces.
ARPES is a suitable technique to investigate the in-plane dispersion E(k‖) of QWS. The confine-
ment of the states is present in the direction perpendicular to the surface whereas within the film
plane the crystal can be regarded as infinite. Therefore the band structure around the surface
101 Langmuir (L) corresponds to an exposure of the surface to ≈ 1.3 · 10−8 mbar during 100 sec.
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Brillouin zone (SBZ) center Γ¯ (k‖ = 0) is well described by a free electron gas according to
E(k‖) = EΓ +
~2
2m?
k2‖ (36)
with EΓ as the binding energy of the state with k‖ = 0, m? as effective mass and k‖ = (kx, ky)
as the parallel momentum.
It is known that the dispersion of a band is directly related to the degree of localization of the
state; localized electronic states disperse less than delocalized states. The degree of localization
is in simple systems inversely related to the degree of overlap between the orbitals of which the
state is composed: a small orbital overlap results in a high degree of localization and vice versa.
An example of a system with almost no interaction between the substrate and the overlayer is
given by Pb on graphitized SiC as shown in Fig. 10 [51]. The dispersion of the QWS is free-
electron-like with an effective mass of approximately me (free electron mass) around the SBZ
center even for a low film thickness of 2 ML, where typically strain due to the lattice mismatch
with the substrate is expected. Density functional theory slab calculations are able to reproduce
the measured dispersion by assuming a free-standing Pb slab. In this system the inert graphene
layer decouples the influence of the substrate. On the other hand Pb deposited on Pb-
√
3/Si(111)
is an example of a strong influence of the substrate [95,96]. For coverages up to 25 ML the states
around the SBZ center have unusually high effective masses of up to m? ≈ 10 me, which can not be
modeled with a free-standing film assuming a bulk Pb in-plane lattice constant. Here we will show
that the Bi interface acts similarly to the graphene layer to decouple the Pb overlayer from the
substrate and that the dispersion increases. It will be argued that the strong in-plane localization
observed in Pb layers on the Pb-
√
3/Si(111) substrate can be explained by an increased atomic
spacing in the direction parallel to the surface induced by the substrate.
Figures 19 (a-c) show the in-plane dispersions of QWS for Pb film thicknesses of 10, 17 and 19 ML
grown on the Bi interface measured along the high symmetry direction M-Γ-M of the (1×1) SBZ.
In contrast to Pb films grown on the Pb-
√
3 interface, as shown in Fig. 19 (d), we do not observe
states with an effective mass larger than 4 me. The effective mass was determined quantitatively
by taking EDCs at momentum steps of 0.035 A˚−1 for a total range of Γ ± 0.3A˚−1 and fitting
them with Voigt functions after subtracting a linear background contribution. From these fits one
obtains the QWS energy versus in-plane momentum, which are finally fitted assuming a parabolic
dispersion to determine m?.
It should be pointed out that all measured QWS bands presented in this work are derived from 6p
orbitals, because the binding energies lie above the Pb sp symmetry band gap of the Γ-L direction,
which expands from 4 to 8 eV binding energy [97]. Below this gap the QWS are 6spz derived.
The electronic states described by a parabolic dispersion around the SBZ center have 6pz orbital
character and the downward dispersing bands at k|| > 0.4 A˚−1 have 6pxy character [51].
It is remarkable that, independent of the Pb layer thickness, all measured QWS exhibit an en-
hanced in-plane dispersion compared to Pb/Pb/Si(111). The QWS displayed in Fig. 19 (a) which
is found in a 10 ML thick film of Pb has an effective mass of 2.75 me and the QWS which arises
in 19 ML Pb has an effective mass of 2.09 me. This trend indicates that the coupling to the
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Figure 19: (a-c) Band dispersion of QWS in 10, 17 and 19 ML Pb films on Bi/Si(111). (d) Band
dispersion of Pb QWS on Pb/Si(111). (e) Extracted dispersion (red dots) from Fig. 19 (a)
as described in the text. For comparison a free-electron-like dispersion and the dispersion of
Pb/Pb/Si(111) are included. (f) Red squares: Effective masses of QWS for different thicknesses
of Pb deposited on the Bi/Si(111) obtained from the fitting procedure as described in the text. Blue
circles: effective masses of Pb on Pb/Si(111) taken from [96].
substrate is reduced, even for the low coverage, where largest effective masses were reported for
Pb/Pb/Si [96]. Figure 19 (f) shows the development of the effective mass of 6pz derived states
with increasing Pb layer thickness for the Pb and the investigated Bi interface. In Pb/Pb/Si(111)
the effective mass decreases with thickness from m? = 10 me at low coverage towards m
? = 4 me
at 22 ML. With increasing film thickness the effective mass shows a trend towards the bulk limit
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(N→∞, grey dashed line) of m? = 1.14 me [98]. Hence for low coverage the influence of the sub-
strate and interface is most evident and with increasing thickness this influence becomes smaller.
The substrate may force the atoms in the Pb overlayer into an in-plane lattice constant which
coincides more with the lattice structure of the substrate. Thus the lattice constant of the overlayer
appears for low coverage to be closer to that of Si than to that of Pb. As a consequence, and
because the Pb films grow as close packed layers in fcc stacking along the [111] direction, an
increase of the interatomic distance between nearest neighbor atoms will decrease the overlap of
the 6pz orbitals, as drawn schematically in Figs. 20 (a) and (b). This in turn will lead to more
localized states with flat dispersion. The influence of the substrate becomes weaker for thicker
films, therefore the lattice constant decreases with thickness.
4.6.1 Free-standing slab calculations using DFT
Our interpretation that the degree of orbital overlap influences the band dispersion of Pb QWS
is also supported by our DFT calculations, which were performed using the Wien2K simulation
package [31]. The generalized gradient approximation of Perdew et al. [99] was employed to a
repeated slab geometry (8 ML Pb, 15 A˚ vacuum) with a muffin-tin radius set to 2.5 bohr, plane
wave cut-off of 7.84 Ry and integration over the Brillouin zone with (16×16×1) k-points. Spin-
orbit interaction was included in a second self-consistent cylce using pertubation theory with the
scalar-relativistic orbitals as basis set. Figs. 20 (c) and (d) show two band dispersions along
M-Γ-M for the in-plane lattice constants a = 3.5 and 4.0 A˚ as defined in Fig. 20 (e).
The increase of the in-plane lattice constant by 0.5 A˚ affects the entire band dispersion of the
system. Both the 6pz derived bands and the 6spz derived bands below the symmetry band gap of
Pb become flatter throughout the whole energy range. However, the change of the dispersion of the
6pz states is most significant, which can be assigned to an enhanced influence of the hybridization
with the downward dispersing 6pxy states. With the increasing in-plane lattice constant, the
band width of these bands is reduced and in the energy range of interest they thus move down in
energy and become flatter. The hybridization with the pz bands, and the associated change from
electron-like to hole-like dispersion in these bands, therefore starts at lower |k‖|.
In the following analysis we will focus on the first band below the Fermi level (n = 4), as this is
the state we measured with ARPES. The effective mass of this band changes from initial 1.02 me
to a hole-like dispersion with m? of -4.10 me when the lattice constant is increased by 0.5 A˚.
Fig. 20 (f) shows calculated effective masses for lattice parameters between 3.5 and 4.0 A˚, which
are fitted for positive values with an exponential function according to:
m?n=4(a[A˚]) = 1.038 + 0.0585 · exp
(
a− 3.5
0.1
)
(37)
in units of the free electron mass. Note that the influence of the lattice parameter on the effective
mass is weak up to a = 3.7 A˚ and becomes stronger for higher values. This anomalous dependency
of the effective mass on the in-plane lattice constant is thus not only a result of the reduced orbital
overlap but also strongly enhanced by the hybridization of the 6pz and 6pxy derived bands.
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Figure 20: (a) and (b) Simplified picture of pz orbital overlap at both interfaces. (c) Calculated
band dispersion along M-Γ-M with in-plane lattice constant a = 3.5 A˚, and (d) a = 4.0 A˚. The
bands are labeled according to the number of anti-nodes in the envelope function (compare with
Fig. 8). (e) Top view of the Pb(111) surface and (f) effective masses of the band with n = 4 for
different in-plane lattice constants obtained from DFT calculations including an exponential fit as
described in the text.
4.6.2 Evolution of the in-plane lattice constant studied with LEED
Having confirmed with DFT the influence of the in-plane lattice constant on the band dispersion
we now turn to the measurements of the surface in-plane lattice constants using LEED, which is
sensitive to the surface atomic structure and thus allows the determination of relative changes in
the in-plane lattice constant of the topmost layers, see also Fig. 5. We have recorded the (1× 1)
LEED pattern of the Pb surface for different coverages of Pb on Pb-
√
3/Si(111) and for a 10 ML
thick Pb film on Bi-
√
3/Si(111). A comparison of the (1,0) spots for the 10 ML thick films grown
on the different interfaces indicates that the spots are sharper on the Bi interface than on the
Pb interface as shown in the raw data of Figs. 21 (a) and (b) and the profiles in Fig. 21 (c).
Sharp LEED spots are either found for perfectly commensurate systems or when the interaction
between the substrate and the overlayer is minimal [51]. For a more quantitative determination
of the in-plane lattice constant the LEED data were analysed as follows: first, a 2D gaussian
fit as shown in Figs. 21 (a) and (b) determines the position of each spot and the corresponding
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Figure 21: (a) and (b) (1,0) LEED spot of the Pb/Pb/Si(111) and Pb/Bi/Si(111) surface. (c)
Horizontal cut through the maximum of intensity of the (1,0) spot for Bi (red open circles) and Pb
(black solid circles). (d) Relative lattice constant vs. coverage measured with LEED; blue circles
represent Pb/Pb/Si(111) and the red square Pb/Bi/Si(111).
(x,y) coordinates on the screen. Second, from these coordinates the distances between all three
directions, e.g. Γ10-Γ00-Γ10, were determined, which are finally averaged. Although our LEED
set-up is sensitive to relative changes of the lattice constant it is not calibrated for the precise
determination of absolute values. In the following we therefore use values relative to the atomic
spacing found for the lowest thickness of Pb on Pb-
√
3/Si(111). The findings are summarized in
Fig. 21 (d) as a function of layer thickness. The thinnest Pb layer of 3 ML on the Pb interface has
an almost 2% larger lattice constant than the 20 ML Pb film on the same substrate. Using the
relation between lattice constant and effective mass obtained from DFT (Eq. 37) we can calculate
the corresponding lattice constant for the 20 ML thick Pb film (m? = 5 me) which is 3.92 A˚
and estimate the effective mass for this lattice constant expanded by 2% (3.99 A˚). This gives us
m? = 9.689 me which is in very good agreement with what is observed for low coverages. The
lattice constant of the 10 ML Pb film grown on the Pb-
√
3/Si(111) differs by about 1% from the
Pb film grown on the Bi interface. The comparison of these effective masses with our fit function
leads to a lattice constant difference of almost 3%, which is consistent within our error margins.
These small changes in the in-plane lattice constant may in principle also be observed in surface
X-ray diffraction (SXRD) studies, which has a higher resolution than LEED and probes the full
layer and not only the topmost layers. In two SXRD studies on this system [100, 101] the exact
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in-plane lattice distance could unfortunately not be determined exactly and it was only found
that the in-plane spacing is ”bulk-like” with a relatively large distribution which is also reflected
in the broad LEED spots shown in Fig. 21 (a) and (c). In STM measurements a mismatch
between the substrate and overlayer in-plane lattice constants can be resolved through an analysis
of the resulting Moire´ pattern. From such measurements on Pb-
√
3/Si(111) combined with high
resolution LEED data for low coverages [102] it could be determined that the Pb and Si lattice
constants are not the same. Here again the exact in-plane lattice spacing of the Pb film can
not be determined because the measured corrugation is a convolution of the Moire´ pattern, the
changes in the local density of states and the surface relaxation. Although the determination of
the exact in-plane lattice constant has proven very difficult, the relative changes in the in-plane
lattice constant obtained from our LEED analysis correlate well with the measured changes in
effective mass, as supported by our DFT results.
4.6.3 Influence of the substrate on the dispersion
Upton et al. have attempted to explain the unusual high effective mass in Pb/Pb/Si(111) in terms
of an avoided crossing of pz derived states and valence states of Si(111) and the rapid oscillations
of the phase shift in this energy region [103]. QWS with energies close to the confinement edge
E0 of the substrate will feel a repulsive force which tends to lower the binding energy and so to
prevent a band crossing. Figure 22 (a) shows the band dispersion of a 8 ML Pb film grown on the
Bi-
√
3 interface with a binding energy of EB = 690 meV at the zone center and with an effective
mass of m? = 3.17 me.
The parabolic band dispersion of the Pb film intersects with the VB of Si around an in-plane
momentum of k‖ = (0 ± 0.2) A˚−1 and becomes less pronounced in this region. Electronic states
further away from the VB are not affected. The interaction of film states with the VB of the
substrate was also reported for Al/Si(111) [105], Ag/Ge(111) [106], and In/Si(111) [96] and ex-
plained in terms of hybridization of the film and valence states of the substrate. States within the
specific momentum range around Γ are quantum resonances, because they are not confined within
the absolute band gap of Si(111). The hybridization leads to a lower intensity and to a larger
peak width because the reflectivity of the interface is no longer equal to one. Figure 22 (b) shows
EDCs taken from k‖ = −0.4...+ 0.4 A˚−1 and normalized to the maximum of intensity. Red (grey)
EDCs represent truly confined states (QWS) with narrow line widths and blue (black) EDCs
are quantum resonances. Also for the Bi reconstructed interface a clear hybridization between
the QWS and the Si VB is thus observed. However, the effective mass is still significantly lower
compared to QWS on Pb-
√
3/Si(111). Therefore the high effective mass for Pb/Pb/Si(111) can
not be explained by the influence of the Si VB alone. The increase of the effective mass actually
occurs in the energy and momentum space which is further away from the Si valence band and
closer to the 6pxy derived states. Thus the unusual effective mass in Pb/Pb/Si(111) arises from
the structural and electronic properties of the Pb overlayer and can be reduced by replacing the
Pb with a Bi interface.
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Figure 22: (a) Band dispersion of 8 ML Pb deposited on top of Bi/Si(111). (b) Normalized
energy distribution curves for in-plane momenta k‖ = 0± 0.4 A˚−1. Blue (black) spectra represent
quantum resonances and red (grey) spectra fully confined QWS. (c) Parabolic fit including the
quantum resonances.
4.6.4 Influence of the Ag interface on the dispersion of QWS
The question arises, whether the reduction of the effective mass of Pb QWS can be also achieved
with other types of interfactants. To investigate this question we have prepared Pb films on a Ag
reconstructed Si(111) substrate. See Sec. 4.3.3 for details of this reconstruction.
Figure 23 (a) shows an exemplary band dispersion of 8 ML Pb on Ag/Si(111), which has been anal-
ysed as described before. The resulting parabolic fit, see Fig. 23 (b), nicely matches the extracted
dispersion of the k-dependent intensity maxima. We obtain an effective mass of m? = 2.4 me,
which is slightly reduced compared to 8 ML Pb/Bi/Si(111), where m? = 3.17 me (see Fig. 22).
The origin of the further reduced effective mass is likely the same as for Pb QWS on the Bi recon-
structed substrate, i.e. a reduction of the interaction between the Pb film and the Si substrate.
Using Eq. 37 we obtain an (average) in-plane lattice constant of aAg = 3.81 A˚ for the Pb film on
the Ag reconstructed Si substrate, while for the same Pb coverage on the Bi interface the lattice
constant is aBi = 3.86 A˚ and therefore expanded by 1.3 % with respect to aAg.
Obviously there is an influence of the interface on the structural properties, i.e. the in-plane lattice
constant, of the Pb film. We again point out that small changes in the in-plane lattice constant
and the resulting influence on the dispersion of the 6pz derived QWS is strongly amplified by the
hybridization with 6px,y bands. In the following Section we will seek for experimental evidence
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Figure 23: (a) Band dispersion of QWS in 8 ML Pb/Ag/Si(111) measured with ARPES using
a photon energy of 24 eV. (b) Extracted dispersion from (a) and parabolic fit.
of what could mediate the interaction between the adsorbate and the substrate. By means of
quantum well spectroscopy we will determine the Schottky barriers of the system and the size of
the interface dipole.
4.7 Determination of the Schottky barrier
In Section 3.4 we have introduced the interface dipole model (IDM) for Schottky barrier (SB)
formation of a metal-semiconductor (MS) junction. In contrast to the original (non-interacting)
Schottky model, the IDM treats charge transfer between the constituents associated with the
formation of an interface dipole. We will show that this model captures the physics of Schottky
barrier formation in our systems, which contain interfactants.
Several techniques are commonly used to determine the Schottky barrier of a MS junction such
as the measurement of the current-voltage characteristic [107] or by high-resolution core-level
spectroscopy using synchrotron light. The latter has been intensively used in the last decades to
study Schottky barrier formation in thin metallic overlayers on semiconducting substrates. Such
an experiment is usually performed by measuring the Si 2p core spectrum of the clean (7 × 7)
reconstruction and after preparation of the interface, as depicted in Figs. 24 (a) and (b). Because
the Fermi level position in Si(111)-(7× 7) is accurately known to be (0.63± 0.05) eV above the Si
valence band edge [108] and the binding energy of the Si 2p core level relative to the valence band
is constant throughout the band bending region, the measured Si 2p core-level shifts (∆ECLS) may
be attributed to band bending in the depletion layer. However, the application of this method for
determining the SB has been a subject of intense debate in the past [82, 109, 110]. For example,
in a photoemission experiment the measured spectrum represents always an average of several
atomic layers due to the finite probing depth, i.e. the inelastic mean free path of photoelectrons.
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Figure 24: (a) Schematic energy vs. position diagram of the Si(111)-(7 × 7) reconstruction
according to Ref. [108]. (b) Change of the energy diagram upon formation of an interface. The
Schottky barrier can be directly deduced from the core-level shift of the Si 2p core-level. (c) Illus-
tration of the property of a QWS which probes the properties of the deep lying interface, which
are usually not accessible by PES due to the limited probing depth. (d) The transition between a
QWS and QWR is well-defined by the energetic position of the valence band edge.
For our systems the situation becomes even more complex, because the deposition of Pb layers
on top of the interface can alter the interface structure as argued by Le Lay and Hricovini [111].
Hence the SB of a MS junction at low coverages is not necessarily the same as for thick overlayers.
Furthermore, one has to consider not only the interface between the substrate and the reconstruc-
tion, see Fig. 24 (c), but also the interface between the reconstruction and the Pb film. As shown
in Fig. 17 (b) of Chap. 4.4 the deposition of Pb on the Bi reconstructed substrate leads to a CLS
of the Bi 5d states to lower binding energy which is an indication that bonds between Pb and
Bi are created. In the context of the IDM these bonds will then also contribute to the Schottky
barrier. In conclusion, the determination of the SB from Si 2p CLSs of the reconstructed surface
alone is for our junctions not applicable. However, from these measurement insights about the
dipole formation at the interface can be drawn.
In this work we therefore employed an indirect method to determine the Schottky barrier by
measuring peak widths of QWS and QWR using photoemission spectroscopy [40, 112]. We use
the property that quantum well states arise from the coherent superposition of waves containing
information about both, the metal-substrate and metal-vacuum interface. Keeping the metal-
vacuum interface constant, while changing the interfactant, allows to isolate the influence of each
interface.
As introduced in Sec. 4.1, electronic states which overlap energetically with valence states of
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Si(111) can couple through the interface to the Si substrate states and therefore appear as broad
features in the spectrum. States with energies that fall into the band gap give rise to sharp features
in the measured spectra. In analogy of a Fabry-Pe´rot interferometer the peak width (W ) of a
state is related to the interface reflectivity (r) via [113]:
W ∝ 1− r√
r
(38)
We have collected sufficient data allowing us to determine the position of the valence band edge
at which the transition between a QWR and QWS occurs, see Fig. 24 (d). The Schottky barrier
is then calculated from:
φSBn = Eg − E0 (39)
with Eg = 1.15 eV as the global band gap of Si at T ≈ 80 K. Figure 25 shows the obtained results
for the three investigated interfactants (Pb, Bi, Ag). From the band dispersions in Figs. 25 (a, d, g)
normal emission spectra are extracted and fit assuming Voigt profiles with a linear background
convoluted with the Fermi-function. The resulting fits are shown in Figs. 25 (b, c, f). While
for the Bi and Ag interface the obtained peak widths of QWS are ≈ 200 meV, the peak widths
on the Pb interface are considerably reduced down to 140 meV as a consequence of the reduced
dispersion. As expected the peak widths of QWR are greatly enhanced compared to QWS. For
example the peak width of a QWR in Pb/Bi/Si(111) shown in Fig. 25 (e) is roughly 600 meV -
three times larger than the width of a truly confined state.
From these and further measured data sets we can deduce the energetic position of the Si band
edge (E0) as the arithmetic average of the binding energy of the QWS with the highest and
the QWR with the lowest binding energy, see Figs. 25 (c, f, i). Our results are summarized in
Tab. 1 and compared with experimental values from Ref. [40] and with those values based on the
measured core-level shifts of the Si 2p spectrum in the reconstructed systems (Figs. 14, 15, 16).
E0 (eV) φ
SB
n,exp (eV) φ
SB
n,exp (eV) [40] φ
CLS
n,exp (eV)
Pb 0.50 ± 0.07 0.65 ± 0.07 0.61 ± 0.05 1.27
Bi 0.57 ± 0.05 0.58 ± 0.05 – 0.83
Ag 0.62 ± 0.06 0.53 ± 0.06 0.55 ± 0.06 0.64
Table 1: Energetic position of the band edge (E0) of n-type Si(111) (measured from EF ). Mea-
sured SB of Pb films on different Si terminated surfaces. Comparison with values from Ref. [40].
Schottky barrier of the bare reconstruction obtained from Si 2p core-level shifts.
We find in Pb/Pb/Si(111) experimentally the largest Schottky barrier of (0.65 ± 0.07) eV and
the smallest for Pb/Ag/Si(111) with (0.53± 0.06) eV, both values in good agreement with those
reported in [40]. For Pb/Bi/Si(111) we obtain an intermediate barrier of (0.58± 0.07) eV.
We now discuss the barriers of the reconstructed systems, i.e. without the ultra-thin Pb film
on top, as determined from the Si 2p core-level shifts. Interestingly we observe for the bare re-
constructions similar trends as for systems containing a Pb overlayer. Specifically we obtain for
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Figure 25: (a) Band dispersion of 10 ML Pb deposited on top of Pb/Si(111). (b) Energy
distribution curve at k‖ = 0 A˚−1 together with an intensity fit. (c) Peak widths of states as a
function of binding energy. The position of the valence band edge is marked as a vertical line.
(d) Band dispersion of 11 ML Pb on Bi/Si(111) and (e) the corresponding normal emission
spectrum with a fit. (f) Peak widths of QWS and QWR for Pb/Bi/Si(111) as a function of Eb.
(g) Band dispersion of 15 ML Pb on Ag/Si(111). (h) Intensity fit of the energy distribution curve
at Γ. (i) Peak widths of QWS and QWR on Ag/Si(111). Colored symbols in (c, f, i) represent
the states in (b, e, h).
Pb-
√
3(α) (4/3 ML) an exceptionally large barrier of 1.27 eV. Similar large values of 1.09 eV and
0.97 eV were reported by J. A. Carlisle et al. [82] and by Le Lay and co-workers [111], respectively.
The discrepancy of 0.18 eV between our measured and the value reported in [82] may arise from
the different sample fabrication procedures (deposition at elevated Ts) and measurement condi-
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tions (room temperature). Interestingly S. Ossicini and F. Bernardini published a theoretical
work in 1992 [114] investigating the electronic structure of the Pb-Si interface. They computed a
Schottky barrier of 0.6 eV assuming an unreconstructed interface, i.e. Pb-Si(111)-(1×1) with one
Pb atom per unit cell. This value is very close to our experimental value, although their system
was built up of only one monolayer of Pb on Si(111). We believe that this is an indication that
the
√
3 reconstruction undergoes a structural transition upon deposition of Pb adlayers on top.
Later, we will provide another indication based on the spin texture of this system. For the Bi-
√
3
reconstruction we find a barrier of 0.83 eV - a difference by 0.25 eV with respect to Pb/Bi/Si.
Remarkably this difference is close to the measured core-level shift of 0.35 eV (to lower Eb) of
the Bi 5d states upon deposition of Pb on the interface indicating a lowering of the SB. We find
the smallest difference of 0.11 eV between Ag-
√
3/Si(111) and Pb/Ag/Si(111). In Ref. [115] the
authors determined a Schottky barrier of 0.5 eV for the Ag-
√
3 reconstruction using scanning
tunneling spectroscopy (STS). This implies that further deposition of Pb does not change the
interface reconstruction significantly. In other words, the interaction between the Pb film and the
Ag reconstructed Si surface is small.
From the barriers determined with quantum well spectroscopy we can draw the schematic en-
ergy vs. position diagram of each system using the work function of bulk Pb ΦPb = 4.25 eV [116]
and the electron affinity of Si, χ = 4.05 eV [117], see Fig. 26.
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Figure 26: Energy diagrams of the measured Pb films with different interfactants (a) Pb, (b) Bi,
and (c) Ag. Notice that the z direction is not in scale.
We obtain for Pb/Pb/Si(111) the largest dipole contribution to the SB of size ∆Pb = 450 meV.
For Pb/Bi/Si(111) the dipole reduces to ∆Bi = 380 meV and for Pb/Ag/Si(111) we compute
∆Ag = 330 meV. To understand the size of the dipoles it is common to compare the electroneg-
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ativitiy of the compounds using the Miedema11 electronegativity [107,118], see Fig. 27 (a).
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Figure 27: (a) Miedema electronegativity and difference in electronegativity between the metal
and the Si atom. (b) Si 2p core-level shifts determined from experiments as a function of difference
in the electronegativity. (c) Schematic representation of charging states at the semiconductor-
interlayer-metal interfaces. (d) Effective mass of 6pz derived sub-bands in Pb films on various
interfactants as a function of the size of the interface dipole.
In general, the difference in electronegativity of two atoms describes the character of the bond;
the larger the difference the more polar is the bond. If both atoms have similar electronegativity
the bond is said to be covalent. We find the largest difference in Pb-Si and the smallest in Ag-Si.
Interestingly, this tendency is also reflected in the measured Si 2p core-level shifts of the bare
reconstructions as shown in Fig. 27 (b); the larger (|XM − XSi|), the larger is ∆ECLS . These
findings nicely agree with the initial state model using Kopman‘s theorem [119]. That is, the
binding energy of a core-level state is determined by the attractive Coulomb potential from the
nuclear charge and a repulsive part from all other electrons. From this model one expects a
shift toward lower binding energies (∆ECLS < 0), when the atom accumulates negative charge.
This is exactly what we observe. In Fig. 27 (c) we plot a schematic representation of atomic
layers making up the semiconductor-interlayer-metal interface together with the charge states.
Although the following statement remains speculative, but there is a correlation between the size
of the interface dipole and the effective mass as shown in Fig. 27 (d). The nonlinear dependence
of m? as a function of the dipole size may reflect the discussed amplification effect through the
hybridization with the 6px,y derived bands.
4.8 Conclusions
• Bi interface
The influence of the Bi interface on the in-plane dispersion of 6pz derived QWS has been stud-
ied with ARPES and LEED experiments and DFT calculations. In contrast to Pb/Pb/Si(111)
we find: i) no effective masses larger than 4 me and ii) no significant dependence of the effec-
tive mass on the layer thickness. Compared to Pb/Pb/Si(111) the dispersion of 6pz derived
11The Miedema electronegativity is derived for applications involving layers of material on semiconductors.
4.8 Conclusions 49
states in Pb/Bi/Si(111) is enhanced. With LEED we could confirm that in Pb/Pb/Si(111)
the in-plane lattice constant of the ultra-thin film decreases with coverage in a similar manner
as the effective mass. This is fully consistent with our DFT calculations and the correspond-
ing picture of orbital overlap; the reduced overlap of the 6pz orbitals reduces the dispersion,
simultaneously the band width of the 6pxy derived states is reduced. Together these effects
alter the hybridization between the 6pz and 6pxy derived bands and cause the change from
electron-like to hole-like dispersion to shift to lower |k‖|. Furthermore the in-plane lattice
constant of a Pb film on the Bi reconstructed interface is smaller compared to a film of
similar coverage on the Pb reconstructed interface, which is also reflected in the effective
mass.
• Ag interface
On the Ag interface the in-plane dispersion of 6pz derived QWS is further enhanced compared
with the Bi interface. For the same Pb thickness of 8 ML the effective mass reduces from
3.2 me to 2.4 me. Using the relation in Eq. 37 the smaller effective mass in Pb/Ag/Si
is understood by a reduced in-plane lattice constant by 1.3% with respect to the in-plane
lattice constant of the Pb film on
√
3-Bi/Si. The origin of this reduction is likely related
to the size of the dipole at the interface, which is the smallest for Ag compared with the
dipoles found at the Bi and Pb interface.
• Schottky barrier and interface dipole
From our detailed analysis of the peak widths of QWSs and QWRs we have determined
the Schottky barriers of the Pb films. We find the largest SB with (0.65± 0.07) eV for the
Pb terminated Si(111) surface, and the smallest for the Ag interface with (0.53± 0.05) eV.
Pb/Bi/Si(111) features an intermediate SB with (0.58 ± 0.06) eV being closer to the value
found for Pb/Ag/Si. Based on the interface dipole model for Schottky barrier formation
we could estimate the size of the dipoles. We find for the Pb interface the largest dipole.
The dipole decreases in size when going from the Bi to the Ag interface, in line with the
calculated electronegativity differences and measured core-level shifts.
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5 Spin-orbit interaction in low dimensional systems
In this chapter we will derive the peculiar energy dispersion of a Rashba system and the cor-
responding spin texture. It will be shown that the Rashba Hamiltonian is derived from the
relativistic Pauli equation with the canonical momentum p replaced by the crystal momentum k,
and the two-dimensional electron gas is subjected to an electric field normal to the plane of con-
finement while it moves field-free within the sample plane, i.e. V(r) = V(z). As a consequence the
two-fold spin degeneracy of states is lifted and the free-electron-like dispersion of the 2DEG splits
into two parabolas shifted in momentum apart from the Γ point. In the last part we will review
important experiments in chronological order investigating spin-orbit coupling in low-dimensional
systems. A particular emphasis is devoted to the Rashba effect in QWS.
5.1 Theoretical background
5.1.1 Atomistic spin-orbit coupling
The Schro¨dinger equation describes the motion of a spinless electron in an external potential.
However, as a consequence of the Lorentz transformation, an electron moving with momentum
p = ~k experiences an electric field E of the nucleus as an effective magnetic field Beff in the
reference frame of the electron [121]:
Beff =
1
2mec
(p×E) (40)
Here me is the electron mass and c is the speed of light. The resulting interaction (−σ ·Beff ) of
the spin with the generated field by the moving charge is correctly described within the frame of
the Pauli equation, which is derived from the Dirac equation [120]. For a non-magnetic system,
i.e. Bext = 0, only the spin-orbit coupling term survives as a correction to the Schro¨dinger
equation [5]: [
−1
2
~2
me
∇2 + V (r)− e~
(2mec)2
σ · (E(r)× p)
]
ψi = Eiψi (41)
where ~ is the reduced Planck constant, ∇ is the momentum operator in position basis, i.e.
p = −i~∇, V (r) is an external potential, and σ = (σx,σy,σz) denotes the spin operator with
the Pauli matrices12:
σx =
(
0 1
1 0
)
σy =
(
0 −i
i 0
)
σz =
(
1 0
0 −1
)
(42)
The third term of Eq. 41, which describes the coupling between the spin-space σ and the crystal
lattice via E(r) can be further rewritten assuming a spherically symmetric potential V (r) = −Z/r:
−σ · (E(r)× p) = σ · (∇V (r)× p) = 1
r
dV (r)
dr
σ · (r× p) = 1
r
dV (r)
dr
(σ ·L) = ξσ ·L
12In this representation the quantization axis is along the z-direction.
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where L = (r × p) is the orbital momentum operator and ξ = 1r dVdr is the spin-orbit coupling
constant. A significant contribution is expected for electrons in high-Z elements because the
Coulomb gradient is proportional to the atomic number Z, and for electrons that are close to the
nucleus.
5.1.2 The Rashba-Bychkov effect
Solids are classified in terms of symmetry operations which leave the Hamiltonian describing a
system invariant under application of a symmetry operation [122]. For non-magnetic systems the
time-reversal operation reverses the wave vector k and spin s such that the energy of a right-
moving electron with spin-up (↑) equals the energy of a left-moving electron with spin-down (↓):
Time-reversal symmetry (TRS): E(k, ↑) = E(−k, ↓) (43)
Further in systems with inversion symmetry, i.e. V (r) = V (−r), the energy eigenvalue of a Bloch
state should not depend, weather the state is moving to the left in a potential V or to the right:
Inversion symmetry (IS): E(k, ↑) = E(−k, ↑) (44)
Notice that the spin is a pseudo vector and consequently a mirror operation: r→ −r, leaves the
spin unchanged. Combining Eq. 43 with Eq. 44 leads to the so-called Kramers-degeneracy:
E(k, ↑) = E(k, ↓) (45)
which states that (i) the band structure is symmetric with respect to the Brillouin-zone center,
k = 0, and (ii) all bands are doubly degenerate, i.e. each state is occupied by an spin-up and
spin-down electron.
The spin degeneracy of bands may be lifted, either by breaking TRS or IS. Since the focus of this
thesis is the study of systems without internal or external magnetic fields time-reversal symmetry
holds. The lifting of spin degeneracy is then achieved whenever V (r) 6= V (−r) is fulfilled. In
systems with a unit cell lacking an inversion center, e.g. zinc blende structures, the lifting of the
degeneracy of bands is described by the so-called Dresselhaus effect [9]. For systems lacking of
a structural inversion symmetry the lifting of the spin degeneracy is described by the Rashba-
Bychkov model [8, 123]. Since both Pb and Si have inversion-symmetric unit cells (the unit cell
of Pb is cubic and Si crystallizes in the diamond structure) breaking of IS is due to the presence
of the metal-vacuum and the metal-substrate interface which naturally breaks the space inversion
symmetry along the growth direction. In the following we will therefore only consider the Rashba
effect.
The Hamiltonian of a two-dimensional electron gas (2DEG) confined within the (x, y)-plane and
subjected to an electric field along the z-direction E = Eez = E(0, 0, 1) is:
H = H0 +HRB
=
(~k‖)2
2m?
+ αRB(ez × k‖) ·σ (46)
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Here m? is the effective mass, k‖ = (kx, ky) is the in-plane wave vector of a Bloch state and αRB
the Rashba constant, which is a measure for the size of spin-orbit coupling in the 2DEG. The
Rashba Hamiltonian can be rewritten into:
HRB = αRB det
 0 0 1kx ky 0
σx σy σz
 = αRB(kxσy − σxky) (47)
Using kj = −i ∂∂j , j = x, y and the Pauli-matrices (Eq. 42) we obtain a (2×2) matrix representation
of the Hamiltonian of a 2DEG including the kinetic and the Rashba term:
H =
(
− ~22m? ( ∂
2
∂x2
+ ∂
2
∂y2
) −αRB ∂∂x + iαRB ∂∂y
+αRB
∂
∂x + iαRB
∂
∂y − ~
2
2m? (
∂2
∂x2
+ ∂
2
∂y2
)
)
(48)
The Eigenfunctions are written as a product of a plane wave (φk‖(r‖)) and a spin function (χ
±)
where k‖ = k‖(cosϕ, sinϕ, 0) (ϕ measures the angle between the x-axis and the momentum) and
r‖ = (x, y) [5]:
ψ±k‖(r‖) = φk‖(r‖)χ
±
= exp i(kxx+ kyy)
1√
2
(
ieiϕ/2
±eiϕ/2
)
For non-trivial solutions we find the energy dispersion from solving:
0 = det(Hψ − EI)
0 = det
(
~2
2m? (k
2
x + k
2
y)− E −αRB~(ikx + ky)
αRB(ikx − ky) ~22m? (k2x + k2y)− E
)
→ E±(k‖) =
~2
2m?
(k2x + k
2
y)± αRB
√
k2x + k
2
y
=
~2k‖2
2m?
± αRB|k‖| =
~2
2m?
(
k‖ ± k0
)2
(49)
where ± denotes the spin-up and -down state with respect to the quantization axis, I is the identity
matrix, and k0 is the characteristic momentum offset (see Fig. 28 (b)). The spin polarization P is
a three-dimensional vector and defined as the expectation value of the spin operator S = ~2σ [124]:
P±(k‖) := ψ
†
k±Sψk± = ±
~
2
 sinϕ− cosϕ
0
 (50)
with the components
P±x = ∓
ky
|k| , P
±
y = ±
kx
|k| , P
±
z = 0 (51)
Several conclusion can be drawn from these results which are also visualized in Figure 28.
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(a) The Rashba effect lifts the two-fold spin degeneracy of states with k‖ 6= 0 by splitting the
free-electron-like parabola into two branches that are oppositely shifted in momentum by
the offset k0 with respect to the high symmetry point Γ. The state at Γ, i.e. at k‖ = 0, is
doubly degenerate.
(b) The Rashba parameter αRB = ~2k0/m? is a measure of the size of SOI and is proportional
to an average electric field or potential gradient, i.e. αRB =
e~2
(2m?c)2
〈 Ez 〉 ∝ 〈∂V∂z 〉.
(c) The spin or energy splitting ∆E := E+(k‖)− E−(k‖) = 2αRBk‖ is linear in k‖.
(d) The momentum splitting between the spin-polarized bands is ∆k = 2k0.
(e) P±(k‖) ·k‖ = 0, i.e. the polarization vector is perpendicular to the momentum.
(f)
∑+k‖
−k‖ P(k‖) = 0, i.e. the net spin polarization is zero when averaged over all states.
(g) A Rashba system has no global quantization axis, such as magnetic systems. Moreover the
quantization axis is a function of the momentum k‖ and the electric field Ez.
(h) The spin polarization vector lies fully in-plane for E = E(0, 0, 1).
(i) The helicity of the spin texture (lower panels of Figs. 28 (b, c)), i.e. the sense of rotation of
the inner and outer circle, respectively, depends on the sign of the Rashba constant which in
turn depends on the sign of the effective mass and on the sign of the momentum offset k0.
The peculiar band splitting and the corresponding tangential alignment of the spins to the isotropic
energy contour, as shown in Fig. 28 (a), is valid for an idealized 2DEG. Today, many systems
show deviations from this model, which manifest themselves in non-isotropic Fermi surfaces and
the appearance of an out-of-plane polarization Pz. The origin of this component can be an in-
plane structural asymmetry resulting in additional in-plane electric field components Ex and Ey.
The latter produce, in the rest frame of the electron, an effective B-field that is no longer purely
in-plane, but also has a z-component to which the spin aligns.
Another origin of Pz has been discussed by L. Fu in Ref. [125] based on crystal symmetry ar-
guments. Motivated by ARPES results from the 3D topological insulator Bi2Te3 [126], L. Fu
proposed a Hamiltonian, which includes a term that is the counterpart of the cubic Dresselhaus
spin-orbit coupling in rhombohedral structures:
H(k) =
k2
2m?
+ vk(kxσy − kyσx) + λ
2
(k3+ + k
3
−)σz (52)
with vk as the Dirac velocity and k± = kx± iky. The first two terms are the spinless part and the
Rashba term, while the last part explains the hexagonal warping of the Dirac-like band and the
appearance of a z-component in the spin polarization.
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Figure 28: (a) Schematic drawing of the two-dimensional energy dispersion of a 2DEG with
electron-like dispersion, i.e. m? > 0 and Rashba-type spin-orbit splitting where αRB > 0. For
each k‖ the spins are tangentially aligned to the constant energy contour. (b, c) (upper panel)
Dispersion of the 2DEG with (b) m? > 0 and αRB > 0 and (c) m
? > 0 and αRB < 0. The lower
panels show the corresponding spin texture at EF .
5.2 Review of spin-orbit interaction
The discovery of spin-split surface states on the non-magnetic high-Z metal surface Au(111) by
La Shell et al. in 1996 [127], confirmed in 2001 by Nicolay et al. [128] by means of high-resolution
photoemission spectroscopy, has triggered a research field in condensed matter physics investigat-
ing spin-orbit interaction (SOI) in surfaces. Both groups correctly interpreted the spin splitting as
due to SOI of the surface state. In 2004 the spin splitting of the surface state was unambiguously
verified by M. Hoesch et al. [129,130] by means of spin- and angle-resolved spectroscopy using the
COPHEE spectrometer. Nowadays Au(111) can be seen as the drosophila in this field where the
spin splitting is described within the framework of the Rashba effect.
The size of the spin splitting found for Au(111), described by the Rashba parameter αRB, was
unexpectedly large. This is because one of the key-ingredients to induce the Rashba effect in a
2DEG is the presence of an electric field or potential gradient which directly contributes to the
size of spin splitting, see conclusion (b) of section 5.1.2. At a crystal surface where the inversion
symmetry along the surface normal is broken, a candidate for this field would be naturally the
work function of the metal divided by the Fermi wavelength, i.e. Ez = Φ/λF . For Au(111) this
yields a Rashba parameter in the order of µeV and hence several orders of magnitude smaller than
determined from the experiment. So what has been missed to correctly describe the strength of
the Rashba effect?
The solution to the problem came from L. Petersen and P. Hedeg˚ard already in 2000 [131] and was
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expanded by G. Bihlmayer in his work published in 2006 [132]. Since surface states are derived
from atomic levels the atomistic spin-orbit coupling (see Sec. 5.1.1) must play a significant role
which scales with Z - the atomic number. Further, the size of the spin splitting is essentially
determined by the asymmetry of the wave function near the nucleus. This asymmetry is caused
by the lack of inversion symmetry and depends on the mixing ratio of the l and l + 1 spherical
components of which the wave function is composed, i.e. ψnk = ψnk,s + ψnk,p + ψnk,d with s, p,
and d as the orbital parts (n labels the band index and k is the momentum) [133].
5.2.1 Spin splitting in surface states due to SOI
To date, the lifting of spin degeneracy in surface states due to SOI has been found for many low-
dimensional and non-magnetic systems [22]. Here we will review the most important achievements
in this field in chronological order, as illustrated in Figure 29.
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Figure 29: (a) Proposed band splitting of the spin-orbit split surface state of Au(111) (from
Ref. [127]). (b) Fermi surface contours of Au(111) and Ag(111). Due to the small atomic number
(ZAg = 47) of Ag the two characteristic contours are not resolvable (from Ref. [128]). (c) (upper
panel) band dispersion along Γ-S in W(110)-(1×1)H and (lower panel) tangential polarization as
a function of binding energy along the section in reciprocal space indicated by D (from Ref. [134]).
The starting point was Au(111) in 1996 as mentioned before. In 1999 E. Rotenberg et al. interpret
the d-derived surface state in the projected bulk band gap of W(110) being spin-split due to SOI
and showed that the size of the spin splitting is greatly reduced for a surface state of the same
symmetry on Mo(110) [135]. This finding indicates that the strength of SOI depends on Z,
because for Tungsten ZW = 74 and for Molybdenum ZMo = 42. The same argument applies
for the study of surface states on Au(111) and Ag(111) done by G. Nicolay et al. [128] in 2001
as shown in Fig. 29 (b). While for Au(111) two concentric circles at the Fermi-energy can be
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clearly distinguished, for Ag(111) the momentum splitting (∆k = 2k0) due to SOI is so small
that it cannot be resolved with photoemission spectroscopy. One year later M. Hochstrasser et al.
investigated for the first time surface states in W(110)-(1×1)H by means of SARPES (see Fig.
29 (c)) and demonstrated that the spin is oriented tangentially to the energy contour in the fashion
of the Rashba effect [134].
In 2004 M. Hoesch et al. verified the spin texture of Au(111), as shown in the upper panel
of Fig. 29 (b), using for the first time the COPHEE spectrometer for spin- and angle-resolved
photoemission spectroscopy [129,130]. In the same year Y. M Koroteev et al. set a new benchmark
in the size of spin-orbit interaction in surface states on low-index surfaces of Bi [136]. Although
the dispersion of the states is far from being isotropic, in contrast to the surface state in Au(111),
the Rashba parameter was almost doubled (αRB,Au = 0.33 eVA˚ and αRB,Bi = 0.56 eVA˚). The
enhanced SOI was understood by the three times larger atomic spin-orbit splitting of Bi. In 2006
2004 2006
Bi(111)(a) Bi/Ag(111)
first SARPES
on Au(111)
(b) Sb(111)
2007
(c)
Figure 30: (a) Band dispersion of surface states in Bi(111) together with DFT calculations
including SOI (from Ref. [136]). (b) Band dispersion of surface states in Sb(111) together with
spin-resolved intensities projected on a quantization axis perpendicular to the in-plane momentum.
(from Ref. [22]). The spin splitting into alternating directions (up-down-up-down) is a clear
indication of SOI. (c) Band dispersion of the surface alloy Bi/Ag(111) (from Ref. [137]).
K. Sugawara et al. [138] have shown that also in low-Z materials, such as Sb with ZSb = 51, a
considerable band splitting of the surface state can exists. In 2009 this band splitting due to SOI
has been confirmed with SARPES by D. Hsieh et al. [139] and the resulting size of the momentum
splitting has been quantitatively estimated to be ∆k = 2kSb0 = 0.03 A˚
−1, and therefore slightly
larger than the momentum splitting in the surface state on Au(111) with ∆kAu = 0.026 A˚−1 [130].
These findings indicate the second requirement to observe large SOI, namely that the atomic
structure of the surface and sub-surface layers is also relevant. For group V elements (Sb, Bi),
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which crystallize in a rhombohedral structure the corrugation of the surface is larger than for fcc
crystals such as Au(111). The resulting buckling of atoms in the surface layer, as experimentally
verified with IV-LEED [140], enhances the l and (l + 1) ratio of the surface state wave function.
The discovery of a giant Rashba-type spin splitting in the long-range ordered (
√
3 × √3)R30◦ -
Bi/Ag(111) surface alloy by C. Ast et al. in 2007 [137] has stimulated both theory and experiment.
One reason was that the size of the Rashba constant in Bi/Ag(111) (α
Bi/Ag
RB = 3.05 eVA˚) is
approximately six times larger than the one found for the surface state on Bi(111). At a first
glance this is surprising since none of these materials, neither Ag nor Bi, have spin splittings of
comparable sizes. However, the surface atomic structure of the alloy is highly corrugated with
an outward relaxation of the Bi atoms as far as ∆z = 0.65 A˚ [137]. Based on similar arguments
the reduced spin splitting in the surface alloys Pb/Ag(111) (α
Pb/Ag
RB = 1.42 eVA˚) and Sb/Ag(111)
(α
Sb/Ag
RB = 0.36 eVA˚) is understood by a smaller corrugation. While in Pb/Ag the Pb atoms
are pushed outwards by ∆zPb = 0.46 A˚ [141, 142], in Sb/Ag(111) the corrugation reduces to
∆zSb = 0.1 A˚ [143,144].
A further step towards the understanding of the Rashba effect in alloys have been achieved by
F. Meier et al. by means of SARPES [145]. Figure 31 (a) shows a spin-resolved momentum
distribution curve measured on Bi/Ag(111) along the dashed line displayed in Fig. 30 (c). The
authors confirmed the large Rashba-type spin splitting for Bi/Ag(111) and for Pb/Ag(111) and
found that some states show also large out-of-plane rotation of the spin polarization vector. As
discussed in Sec. 5.1.2, the origin of the Pz component is a structural in-plane asymmetry due to
the corrugated surface.
Later, it has been demonstrated that it is also possible to form mixed binary and ternary surface
alloys with tunable physical properties. For instance, combining Bi and Pb to the binary alloy
BixPbx−1/Ag(111) results in a 2DEG with a tunable spin splitting and Fermi energy through
the Bi concentration [148,149]. In BixSbx−1/Ag(111) it is possible to tune only the Rashba-type
spin splitting [150] while the energetic position of the Fermi level is largely unaffected. Finally,
in the ternary alloy BixPbySb1−x−y/Ag(111) it is possible to tune both the spin splitting and the
Fermi energy independently, which makes this system an interesting candidate to study transport
properties because they are determined by the spin texture at the Fermi surface [150,151].
In Section 5.1.2 the origin of a Pz component has been discussed within the model proposed by L.
Fu [152] which includes the symmetry properties of the material. A nice experimental verification
of this model has been performed by S. Y. Xu et al. in 2011 [146] and shown in Fig. 31 (b) by
the example of the three-dimensional topological insulator BiTlSe2. The energy contour of the
2DEG changes continuously its shape as a function of energy away from the Dirac point; from
circular to hexagonal and to a snowflake-shaped Fermi surface. This change is accompanied by an
evolution of an out-of-plane polarization that increases with increasing warping, i.e. is maximal
at the Fermi surface.
Very recently, P. Ho¨pfner et al. have discovered a complex spin texture at the surface of Au/Ge(111)
[147], see Fig. 31 (c). Beside the helical Rashba-type alignment of the in-plane spins, this sys-
tem features large out-of-plane polarizations being maximal along the Γ-M directions of the
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Figure 31: (a) Spin-resolved momentum distribution curve measured on the alloy Bi/Ag(111).
The measurement indicates that the state (labeled as l3) at large negative momenta possesses
considerable out-of-plane spin polarization (adapted from Ref. [145]). (b) Spin texture of the 3D
topological insulator BiTlSe2 as a function of energy (from Ref. [146]). Spin texture of the surface
reconstruction of Au/Ge(111) at the Fermi energy (from Ref. [147]).
(
√
3 × √3)R30◦ surface reconstruction. Furthermore, for the first time also radial rotations of
the in-plane spins at the corners of the hexagonal Fermi surface have been measured. The rich
spin texture results from crystalline anisotropies that are described by a model Hamiltonian that
includes not only a Rashba- and a Fu-term, but also sixth-order corrections in k in the spinless
term and additional fifth-order term in k to describe the radial rotations of the in-plane polariza-
tion [153], see also supplementary online material of Ref. [147].
All here reviewed systems have in common that the spin splitting due to SOI is well described
by the Rashba effect. Some refinements of the model, as shown for e.g. Au/Ge(111), need to be
incorporated when the interaction in the 2DEG is strongly affected by the crystal potential.
5.2.2 Substrate-induced spin splitting
M. Shikin et al. investigated in 2008 [154] the question whether spin splitting of states due to
spin-orbit interaction is induced by potential gradients e.g. at the metal-substrate interface and/or
at the metal-vacuum interface or by atomic fields in the overlayer material or in the substrate
material. For this purpose a systematic study of QWS in monolayers of a high-Z and low-Z
material prepared on a high-Z and low-Z substrate has been performed of which the results are
shown in Figs. 32 (a, b). First of all, neither the states in Au nor in Ag show sizable spin splittings
when grown on the low-Z molybdenum substrate with ZMo = 42. Second, the energy splittings
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are independent on the nuclear charge of the deposited material. Both in Ag with ZAg = 47 as
well as in Au with ZAu = 79 similar splittings are measured on the high-Z substrate tungsten
with ZW = 74. Both findings indicate that the spin splitting of spin-polarized states due to SOI is
induced by the high-Z substrate. However, in contrast to the Rashba model the investigated states
show a decrease of spin splitting with increasing in-plane momentum, which is due to a strong
hybridization of the Au and Ag monolayer states with those of the W substrate. In a follow-up
experiment of the same group, A. Varykhalov et al. [155] measured QWS in ultra-thin films of
Au and Ag on W(110) for larger film thicknesses. Also here spin-orbit interaction induced spin
splittings are independent on the overlayer material, as shown in the upper panel of Fig. 32 (c)
and almost none of the investigated states show Rashba-like dependence of the spin splittings as
a function of the in-plane momentum, see Fig. 32 (d). It is concluded that spin-orbit splitting
of the quantum well states is due to Bragg scattering at the W-metal interface, because QWS
outside of the symmetry gap of W(110) are not spin-split at all.
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Figure 32: (a) Experimental band structures of (left panel) 1ML Au on W(110) and (right
panel) 1ML Au on Mo(110). (b) Measured band dispersion of (left panel) 1 ML Ag on W(110)
and (right panel) 1 ML Ag on Mo(110) (from Ref. [154]). (c) Ratio of strength of SOI in QWS in
Ag/W(110) and in Au/W(110). Although the ratio of the nuclear charge is ZAu/ZAg = 1.7 both
system experience almost the same spin splitting due to SOI. In the lower panel spin splittings
as a function of parallel momentum are shown to prove whether a system behaves Rashba-like.
Strictly speaking this is only fulfilled for the QWS with n = 1 in 5 ML of Au (from Ref. [155]).
(c) Complex band splitting of subbands in Al on W(110) due to the spin-dependent avoided crossing
with interface derived states (adapted from Ref. [156]).
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In 2012 A. G. Rybkin et al. [156] found that QWS in a low-Z material aluminum with ZAl = 13
acquire large spin splittings through the interaction with spin-polarized interface states because of
the avoided crossing hybridization. The left panel of Fig. 32 (e) shows band dispersion of 10 ML
Al on W(110). A closer examination of the QWS with n = 2 shows that the free-electron-like
dispersion suffers kinks at the border of the surface-projected band gap (dotted line) and within
the gap a complicated band splitting evolves. The origin of the band splitting is a spin-dependent
avoided crossing hybridization, which is sketched in the right panel of Fig. 32 (e) for the situation
of two QWS that cross the only weakly dispersing interface states. Due to the Pauli exclusion
states of the same symmetry and spin are not allowed to cross each other. As a result only bands
with the same spin direction can hybridize in the vicinity of the crossing point. Because the spin-
up (blue) band derived from the interface states is situated at lower energy, the spin-down band of
the QWS continues its dispersion in the hybridization gap and hybridizes with the spin-down band
of the interface states at higher energy. This leads to an enhanced spin splitting and the opening
of hybridization gaps. A similar effect has been also found in the system of Ag films grown on
Si(111) and covered with the
√
3-Bi alloy by K. He et al. [157] and by E. Frantzeskakis et al. [158].
Here the interaction of upward dispersing QWS and downward dispersing alloy derived states,
both Rashba-type spin-split, leads also to a spin-dependent hybridization.
The band structure of Pb/Si contains also a momentum region where energy gaps are formed due
to the avoided crossing hybridization between 6pz and 6px,y derived states. In contrast to the
mentioned studies, the hybridization is mediated by an interband spin-orbit coupling term that
mixes states with opposite spin directions. For details see Chap. 7.
5.2.3 SOI in QWS induced by the high-Z film material
In 2008 Rashba-type spin-orbit interaction in the high-Z film material Pb (ZPb = 82) grown on the
low-Z semiconductor Si (ZSi = 14) has been discovered by H. Dil et al. [159]. In contrast to studies
of Au/W(110) and Ag/W(110) the spin splitting in this system originates from the spin-orbit
interaction in the ultra-thin film itself. Figure 33 (a) shows a band dispersion of a QWS formed in
Pb/Pb/Si(111) measured in the spin-integrated mode of the COPHEE spectrometer. Apparently
the spin splitting in this system is so small that the two characteristic Rashba parabolas, as
schematically shown in Fig. 28 (b), cannot be resolved. The reason for the small αRB will be
discussed later. However, using the spin as an additional observable clearly resolves an energy
splitting between the spin-up and spin-down state, as seen from Fig. 33 (d). Here we show
spin-resolved intensities projected on the spin quantization axis along the x-direction which were
calculated from the measured polarization curves (Figs. 33 (b-c)) using Eq. 13.
The Rashba model predicts a tangential alignment of the spins to the constant energy contour,
as shown in Fig. 33 (g). This property is seen from the measured spin polarization curves that
were taken in reciprocal space at k‖ = (kx, ky) = (0,−0.08) A˚−1, and displayed in Figs. 33 (b-c).
Because for tangential spins the scalar product of the polarization and the momentum has to
be zero, i.e. P± ·k‖ = 0, only excursions in the x-direction are measured. The small measured
polarization amplitude (P < 10 %, Fig. 33 (b)) results from the large overlap of bands with
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Figure 33: (a) Band dispersion of QWS in 10 ML Pb on
√
3-Pb/Si(111). (b) and (c) show
measured spin polarization curves for the three directions in the sample coordinate system at
k‖ = (kx, ky) = (0,−0.08) A˚−1. The absence of excursions along y and z indicate Rashba-like
behavior. (d) Spin-resolved energy distribution curve projected onto the quantization axis. (e) Spin
polarization data taken at different in-plane momenta together with fits. (f) Energy splittings
(∆E) as a function of Pb thickness. (g) Spin texture of Pb QWS as revealed from the SARPES
experiment (Figs. taken from Ref. [159])
opposite spin direction and is a general property of Pb/Si due to the small spin splitting. Further
indications of a Rashba effect are (i) the decrease of spin splitting with decreasing momenta, (ii) the
spin splitting of states at the center of the (1× 1) surface Brillouin zone, i.e. at k‖ = 0, vanishes,
and (iii) a reversal of the spin polarization curves when passing though Γ. These properties
are exactly fulfilled as seen from Fig. 33 (e) where a series of measured y-polarization curves
at positive and negative in-plane momenta are shown together with fits. From these data the
Rashba constant of Pb/Si(111) is deduced by plotting the energy splittings obtained from the
two-step fit as a function of in-plane momentum and taking the half of the slope of the linear
fit, see Fig. 34. Since the data presented in Fig. 33 (e) were measured with the COPHEE
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Figure 34: Measured spin splittings (∆E) as
a function of in-plane momentum using the
COPHEE spectrometer in single and two Mott
mode, respectively. The single Mott measurement
allows for a determination of the lower boundary
of the Rashba constant (α?RB) (data points from
Ref. [159]).
spectrometer using one Mott detector (instead of two), only a lower boundary value for αRB has
been determined, i.e. α?RB,Pb = 0.04 eVA˚. In Fig. 34 we also included energy splittings obtained
from SARPES measurements using two Mott detectors, which together are sensitive to all three
polarization components. This way, we obtained a more precise value for the Rashba constant
of α?RB,Pb = (0.076 ± 0.005) eVA˚ [160]. Figure 35 clarifies the importance of using two Mott
detectors to correctly determine spin splittings in a Rashba system showing a detailed analysis
of spin-resolved EDCs for the two momenta k‖ = −0.18 A˚−1 and k‖ = −0.10 A˚−1 (also marked
in Fig. 34)). As can be seen, at both momenta a Rashba-like polarization along the x- and
y-direction is detected. The observed x-polarization is due to a constant sample tilt (< 3◦), that
(usually) cannot be corrected on our goniometer. Therefore the spin-resolved EDCs were taken at
a fixed ky 6= 0 A˚−1 and for different values of kx. The measured polarization along the x-direction
is thus a direct consequence of P± ·k‖ = 0. The vectorial fitting routine allows to determine the
precise measurement position in the following way. From the fit we obtain the orientation of the
spin polarization vector of each band that is defined by the spherical coordinates φ and θ. The
measurement position in reciprocal space is then calculated according to:
k‖ =
(
kx
ky
)
= k‖
(
sinφ
cosφ
)
(53)
For the polarization data shown in Figs. 35 (b, c) the fit gives φ1 = 140
◦ and φ2 = 320◦ and for
(e, f) φ1 = 230
◦ and φ2 = 50◦. The polarization vectors are shown in Fig. 35 decomposed into the
in-plane components (g) and into out-of-plane components (h) which are zero for all bands. In
Figs. 35 (i, f) we show the precise measurement positions of the spin-resolved energy distribution
curves that are k‖ = −0.18 A˚−1 = (−0.15, 0.1) A˚−1 and at k‖ = −0.10 A˚−1 = (−0.08, 0.1) A˚−1,
respectively13.
13Notice that this procedure is only applicable for systems where the spin orientation is known to be tangentially
to the constant energy contour.
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Figure 35: SARPES data measured at k‖ = -0.18 A˚−1 (a-c) and at k‖ = -0.10 A˚−1 (d-f).
(g) In-plane and (h) out-of-plane polarization vectors of the bands obtained from the two-step
fitting routine. The absence of a z-polarization is a general property of Pb/Pb/Si(111). (i) and
(j) show the precise measurement position of the spin-resolved EDCs in reciprocal space.
Having shown that QWS in Pb/Si(111) are spin-split according to the Rashba model we now turn
back to the results discussed in Ref. [159]. First, the sense of rotation of the inner and outer circle is
reversed compared to the surface state of Au(111). Since both states have electron-like dispersions,
i.e. me > 0, the reversal of the helicity originates from a sign change in the Rashba constant or
more specifically from a sign reversal of k0 (see conclusion (c) of Sec. 5.1.2). Figure 36 shows the
results of an analysis of the spin texture of the surface state on Au(111). The band dispersion of
the surface state is shown in Fig. 36 (a). We note that in contrast to the Fermi surface shown
in the upper panel of Fig. 29 (b), the band splitting here is not resolvable in the spin-integrated
mode due to the set resolution of the ARPES experiment. However, this is not relevant when
discussing the spin texture. Figure 36 (b) displays a spin-resolved momentum distribution curve
(SR-MDC) measured 40 meV below the Fermi level together with a fit that revealed a momentum
splitting of 2k0 = 0.03 A˚
−1 and hence in good agreement with experimental values reported in
Refs. [128,130,161]. Apart from the larger measured polarization amplitude (P ≈ 30%), which is
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due to the larger SOI. The bands split into an up-down-up-down spin configuration, which results
in a spin texture (Fig. 36 (c)) that is inverted with respect to the spin texture of Pb/Si(111),
compare with Fig. 35 (j). A comparison of the theoretical spin textures shown in Fig. 28 (b) and
(c) with those revealed from the measurements yields a positive Rashba constant for Pb/Si(111)
and a negative for the surface state of Au(111). This is in line with the sign of the slope of the
linear fit to determine the Rashba constant of Pb/Si as shown in Fig. 34. Here the sign of the
energy splitting at k‖ > 0 is defined via ∆E = E↑(k‖) − E↓(k‖) = 2αRBk‖, see conclusion (c)
of Sec. 5.1.2. For Pb/Si at k‖ > 0 the spin-up state is at higher energy (lower Eb) than the
spin-down state resulting in a ∆E > 0, while for Au(111) this sign convention results in ∆E < 0.
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Figure 36: (a) Electron-like band dispersion of the surface state on Au(111). (b) Measured
momentum distribution curve close to the Fermi level (upper panel) and tangential polarization
(lower panel) together with fits according to the two-step fitting routine. (c) Spin texture of Au(111)
determined from the lower panel of (b). (d) Charge density plot of the surface state in Au(111)
integrated around the surface atom (0.2× 0.2) Bohr. The Au atom is at origin (calculated by G.
Bihlmayer).
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Second, the spin splitting in Pb/Si at the fixed momentum |k| ≈ 0.1 A˚−1 is almost independent
on the coverage, as seen from Fig. 33 (f). If SOI would solely arise from the potentials at the
metal-substrate and metal-vacuum interfaces one would expect ∆E to decrease as a function
of 1/thickness because the probability density (|ψ|2) at the interface scales with 1/thickness, see
Eq. 25. This is also in line with the explanation of the spin splitting in the surface state of Au(111)
which cannot be explained as due to SOI originating from the surface potential gradient alone.
As pointed out by G. Bihlmayer, L. Petersen and P. Hedeg˚ard, the atomic fields around the nuclei
will have a larger influence, as will be demonstrated in the following using DFT calculations.
In the upper panel of Fig. 37 (a) we show a charge density plot (|ψ(z)|2) of a QWS in 10 ML Pb
at k‖ = 0.1 A˚−1 calculated with density functional theory. The DFT calculations, performed by
G. Bihlmayer, were employed in the local density approximation [162], using the full-potential lin-
earized augmented plane-wave method in thin film geometry [163]. The simulation of Pb/Si(111)
was performed with a Pb slab of variable thickness terminated with Si(111) assuming a commen-
surate interface where the lattice spacing of the Pb overlayer is expanded to match the Si lattice.
As has been shown in Chap. 4, the expansion of the in-plane lattice constant toward the value of
Si explains the high effective mass of the Pb QWS and therefore correctly describes Pb/Si.
The charge density distribution, averaged over the in-plane coordinates, shows a typical quantum
beat structure due to the fast oscillating Bloch factor accounting for the slab periodicity and the
standing wave solution (Eq. 25) with n = 5 as the number of antinodes in the envelope function.
The Bloch factor forces the wave function to have minima at or close to the atomic positions
which are marked by the vertical blue lines. This is better seen in Fig. 37 (b) where three
specific regions of the slab are magnified. Another remarkable feature of QWS becomes evident
by comparing the penetration depths of the QWS wave function at the metal-substrate and
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the metal-vacuum interface. While toward the vacuum the probability density is exponentially
damped over a distance ≈ 4 A˚, at the metal-substrate boundary the QWS penetrates almost
12 A˚ into the substrate. These different penetration lengths of the QWS wave function play an
important role in determining the measured energy splitting ∆E in a SARPES experiment.
The lower panel shows spin splittings as a function of the position of the Pb nuclei in the slab,
which were obtained by artificially turning off the SOI in the other layers. These local splittings
oscillate in sign and magnitude throughout the entire layer and SARPES measures the sum, i.e.
∆E =
∑N
i ∆Ei where i indexes the layers and runs till N , the number of layers. Because these
contributions alternate in the sign, the measured spin splitting is in general small and therefore
not resolvable with spin-integrated ARPES.
To understand why these splittings oscillate we consider the expression to calculate ∆Ei suggested
in Ref. [164]:
∆Ei = 〈ψ|HRB|ψ〉 (54)
= |k‖|
2
c2
z∫
−z
dV
dz
|ψ(z)|2 dz (55)
where V is the spherical Coulomb potential of the nuclei and ψ(z) the wave function of the QWS
and the integration is taken within the interval of ∆z = −z...+z with the nuclei at z = 0. It has
been shown that 90% of the contribution arises within a sphere of only 0.13 A˚ (=ˆ 0.25 bohr) radius
where the antisymmetric Coulomb gradient is most significant [132]. It is the local asymmetry
of the charge density within ∆z that determines the sign and magnitude of the local splitting
as shown in Fig. 37 (b). Here we plot three characteristic shapes of |ψ(z)|2, extracted from
Fig. 37 (a), producing local spin splittings in the order ∆E = 0, ∆E < 0, and ∆E > 0. If
the charge distribution is symmetric with respect to the position of the Pb nuclei it follows from
Eq. 55 that the energy splitting is zero. A negative contribution arises, when the integration
of the charge density weighted with the Coulomb gradient is dominated from the substrate side
(indicated by the red area). A positive energy splitting is obtained when the integration contains
charge density facing the vacuum side. Consider a symmetric charge density distribution where all
local contributions are equal to zero; an overall shift of the charge density distribution toward the
substrate induces more positive contributions from the vacuum side than negative contributions
from the substrate side resulting in ∆E > 0. Because in our experiment we also measure positive
spin splittings for positive momenta, this means that the wave function of Pb QWS has a larger
extension toward the substrate. Recalling the particle-in-the-box model with finite potential
barriers, the larger penetration of the wave function into the substrate region can be explained by
an asymmetric quantum well with a larger barrier toward the vacuum.
It is instructive to compare our results for Pb QWS with the Rashba-split surface state of Au(111).
Figure 36 (d) shows a calculated charge density distribution of the surface state. The asymmetric
feature around the surface atom at origin is clearly larger than in Pb and its contribution dominates
∆E. This is in sharp contrast to the asymmetries around the Pb nuclei in the ultra-thin film.
Furthermore the charge density distribution faces predominantly the vacuum side at the outermost
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Au layer [164–166]. Consequently, the integration range of Eq. 55 contains more charge facing the
substrate side. These differences are responsible for the larger size and the reversed sign of αRB
in Au(111) compared with Pb/Si. Thus the knowledge of the magnitude and sign of the Rashba
parameter can reveal details about wave function localization [167].
5.3 Conclusions
Many insights into the origin of the size of the Rashba effect have been gained by studying surface
states and surface alloys on noble metals. A necessary ingredient to observe large spin splittings
is not only a high-Z material but also an asymmetric charge distribution around the core. For
surface states, the orbital mixing ratio of the wave function determines the asymmetry, which in
turn depends on structural properties such as the corrugation parameter ∆z.
The Rashba effect in Pb QWS due to SOI in the high-Z material is also determined by the charge
asymmetry around the Pb cores. However, several distinctions have to be considered. First, the
charge density of a surface state is strongly localized within only a few atomic planes, while the
charge density of a QWS expands over the entire film. Consequently, a surface state contains
an asymmetric feature in the charge density which produces a spin splitting that dominates in
magnitude and sign the contributions from other layers. In sharp contrast, the layer-resolved spin
splittings of QWS are oscillating in magnitude and sign partly canceling each other. Second, the
charge asymmetry of a surface state depends on the orbital mixing ratio, which is sensitive to
structural properties of the surface such as the corrugation. In Pb QWS the charge asymme-
try around the cores is also determined by the orbital mixing ratio with the addition that this
asymmetry can be changed by the asymmetry of the quantum well which introduces different
penetration lengths of the wave function into the substrate and into the vacuum region. From
this it is clear that the Rashba effect in QWS is not only a function of the charge asymmetry,
but also depends on the localization of the state in the film. The local charge asymmetry and the
degree of localization are coupled to each other. Increasing the asymmetry lowers at the same
time the localization of the state, which also enters the expression to calculate ∆Ei via |ψ(z)|2
(Eq. 55).
It is especially the last property which makes Pb/Si(111) an ideal model system to study the
Rashba-Bychkov effect of QWS because any change of the metal-substrate or metal-vacuum inter-
face will influence both the local charge asymmetry and the localization of the states and thus the
measured Rashba constant. In contrast to systems where the spin splittings of QWS are induced
by the high-Z substrate, the Pb/Si system features several control knobs which are investigated
in this thesis: the chemistry of the metal-substrate interface and the doping concentration of the
substrate. Both parameters are the subject of the following chapter.
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6 Manipulating the Rashba-type spin splitting in Pb QWS
In this chapter we study the influence of the metal-substrate interface on the spin splitting of Pb
QWS. The first part is devoted to explore the influence of different Si(111) terminations using
Bi and Ag. The obtained results are compared to our findings on the Pb reconstructed Si(111)
substrate. For these systems the metal-vacuum boundary conditions are the same and all changes
are thus related to the metal-substrate interface. The focus of the second part is to demonstrate
that changes in the spin splittings in Pb QWS can also be achieved by varying the substrate
charge density.
6.1 Influence of the interfactants
Figure 38 (a) shows the spin-integrated band dispersion of a QWS in a 10 ML (≈ 2.5 nm) thick
Pb film deposited on Si(111)-(
√
3 × √3)R30◦-Bi(β). Details about the preparation method can
be found in Chap. 4. The most important points are that Pb features layer-by-layer growth on
both interfaces and that the effective mass of the 6pz states around normal emission is reduced
by a factor of three compared to Pb/Pb/Si(111) to m? = 3.2 me for the Bi interface and to
m? = 2.4 me for the Ag interface [96, 103]. This reduction is ascribed to the size of the interface
dipole which lowers the adsorbate-substrate interaction and allows for a slightly smaller in-plane
lattice constant in the film, for details see Sec. 4.7.
Figure 38 (b) shows the measured spin polarizations of Pb/Bi/Si in y-, x-, and z-directions
(Py, Px, Pz) of the sample coordinate system of an energy distribution curve at the reciprocal
point k‖ = (kx, ky) = (0.24, 0) A˚−1 along Γ-K of the (1×1) surface Brillouin zone (SBZ). From the
Rashba model one expects up-down polarizations in the y-direction being tangential to the con-
stant energy contour, as sketched in Fig. 38 (e). The small Py amplitude of only 8% results from
the large overlap between peaks of opposite spin direction and the influence of the background.
The data were analysed by the vectorial spin analysis, which has proven to be a very powerful tool
to extract three-dimensional polarization vectors [145], see also Chap. 2. For short, the first step
of this routine aims to fit the total spin-integrated intensity, as shown in Fig. 38 (c). We define
two Voigt intensity peaks (labeled as R1 and R2 ) and a linear background. The second step
consists of the assignment of polarization vectors to R1 and R2, which are defined by their polar
angles θRi, φRi and length cRi = 1, with i = 1, 2. Peak widths, splittings and spin polarization
vectors are then varied until a self-consistent best fit to the intensity and polarization data is
reached. The result of the fit is shown in Fig. 38 (c) for the intensity and in Fig. 38 (b) for the
polarization fit. In Fig. 38 (d) we show spin-resolved intensities calculated as: I±y =
Itot
2 (1± Py),
where an energy splitting of 16 meV between the spin-up and -down state can be seen and an
individual peak width of 240 meV. Furthermore, the polarization vector, as shown in Fig. 38 (f),
is found to be rotated by (32±2)◦ out of the sample plane, in sharp contrast to the purely in-plane
polarizations found for Pb/Pb/Si(111) as discussed in the previous chapter.
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Figure 38: (a) Band dispersion of the investigated QWS in a 10 ML thick Pb film grown on the
Bi reconstructed substrate. (b) Measured and fitted polarizations along y-, x-, and z-directions.
(c) Measured spin-integrated intensity and the resulting fit. (d) Spin-resolved energy distribution
curve. (e) Schematic constant energy surface of Pb/Bi/Si(111). (f) In-plane and out-of-plane
polarization components at kx = 0.24 A˚
−1 and ky = 0 A˚−1 obtained from the two-step fit.
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Figure 39: (a, c, d) Measured and fitted Py spectra at ky ≈ 0 A˚−1 and for several values of kx.
(b) Band dispersion of the investigated 8 ML Pb film on the Bi interface.
In the following we will determine the change of the Rashba constant αRB = ~2k0/m? and the
momentum splitting 2k0 induced by the Bi interface. To address this issue, we have measured Py
along Γ-M, i.e. for ky = 0 A˚
−1 and different values of kx, because for these momenta the spin
quantization axis lies along the y-direction. The band dispersion of the investigated QWS (8 ML)
and the corresponding scans are shown in Figs. 39 (a-d). As expected for a Rashba system we
observe a k -dependent energy splitting, i.e. the amplitude of the measured and fitted polarization
curves decreases when approaching the Gamma point. At Γ the spin polarization has to vanish
which is apparent from Fig. 39 (c) that shows polarization data taken close to normal emission.
Further evidence of Rashba-like behavior is a sign change in the polarization when passing Γ,
compare e.g. Fig. 39 (d) and (a).
To confirm that the measured polarization curves represent the spin expectation value of the initial
states we have performed a SR-EDC at the same Pb film and same high symmetry direction, but
at a different photon energy of hν = 26 eV. The results together with our fit are shown in
Fig. 40. As expected for a two-dimensional state, the binding energy does not change with photon
energy, as seen from Fig. 40 (a), where the measured spin-integrated energy distribution curve
is shown at k‖ = 0.24 A˚−1. Moreover, the polarization data are very similar to those obtained
at hν = 24 eV. That is, we observe only up-down excursions in the tangential polarization
(Py), while Px = Pz = 0. The fit reveals an energy splitting of same sign and magnitude, i.e.
∆E = 15 meV, which suggests that intrinsic properties of the Rashba system are measured.
From the spin-polarized data in Figs. 39 (a, c, d) the Rashba constant can be deduced by plotting
the energy splitting, determined via the fitting routine, versus in-plane momentum and taking the
half of the slope of the linear fit. The result is shown in Fig. 41 (a). We obtain a Rashba constant
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with fits.
of αRB,Bi = (0.032 ± 0.005) eVA˚, which is here reduced by 60% compared to Pb/Pb/Si(111),
where we find αRB,Pb = (0.076 ± 0.005) eVA˚, see Sec. 5.2.3. This decrease implies that the Bi
interface induces more symmetric local charge distributions around the Pb nuclei in the overlayer,
or equivalently an overall more symmetric wave function envelope. A smaller value of αRB can be
interpreted as a smaller penetration of the wave function at the metal-substrate interface, because
the metal-vacuum interface is the same for both systems. This conjecture is fully consistent with
our interpretation of the decreased m? in the sense that the Bi interface reduces the coupling of
the Pb overlayer to the Si substrate underneath. The Pb film becomes more free-standing-like,
and it is expected that the Rashba effect of QWS in completely free-standing films vanishes due
to the symmetric confinement [51,169]. Our experimental findings are also corroborated by DFT
calculations as shown in Fig. 41 (b) where band structure calculations of 10 ML Pb on Si(111)
are displayed. The influence of the Bi interface is here modeled indirectly via a decreased in-plane
lattice constant of the Pb film toward the bulk value. The match between experiment and theory
is remarkable not only for the enhanced dispersion but also for the reduced αRB. The larger
experimental value for αRB,Bi is due to the fact that the in-plane lattice constant in Pb/Bi/Si is
still slightly larger than the value for bulk Pb.
Figure 42 (b) shows the band dispersion of 8 ML Pb with m?Ag = 2.4 me. As discussed in
Chap. 4, the effective mass in this system is even further reduced compared to Pb/Bi/Si(111).
The measured tangential polarizations are displayed in Fig. 42 (a) and (c) for off-normal emission
angles. In contrast to data obtained from QWS on the Bi and Pb interface the Rashba-type spin
splitting can not be resolved within the experimental resolution of our polarimeter. As discussed in
the previous section, the spin splitting is determined by the local asymmetric charge distribution
around the Pb cores. If the wave function penetrates to the same amount at the metal-substrate
and the metal-vacuum interface this will generate symmetric charge distributions around the Pb
nuclei and hence a vanishing spin splitting. We conjecture that Pb on a Ag reconstructed Si
substrate is therefore a good approximation of an almost symmetric quantum well.
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Figure 41: Measured k-dependent energy splittings and linear fits (lines) to obtain αRB for
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10 ML thick Pb film on Si(111)-(1× 1) assuming a Si in-plane lattice constant (upper left panel)
and a Pb lattice constant (upper right panel). The lower panels show the corresponding k-dependent
energy splittings to evaluate the Rashba constant (adapted from [159]).
Figure 43 compares spin-resolved band dispersions of QWS for all three interfaces, calculated from
the experimentally determined αRB and m
?. The difference in the effective mass (m?Pb/m
?
Bi ≈ 3)
together with the reduced value of αRB cause a reduction of the momentum splitting k0 = m
?αRB/~2
by a factor of eight from k0,Pb = (0.10± 0.002) A˚−1 to k0,Bi = (0.0126 ± 0.002) A˚−1.
The Pz curve shown in Fig. 38 (b) was measured in the high symmetry direction Γ-K of the
hexagonal (1 × 1) surface Brillouin zone of Pb/Bi/Si(111). This polarization component has to
fulfill time-reversal symmetry (TRS), i.e. Pz(k‖) = −Pz(−k‖) and since SOI couples the spin
to the lattice it also has to reflect the C3v symmetry of the surface. Figures 44 (a-c) display Pz
data taken at different high symmetry directions and in-plane momenta of the SBZ. Fig. 44 (a)
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Figure 43: Experimentally determined Rashba parabo-
lae for the three investigated interfactants Pb, Bi and
Ag.
correspond to Γ-K and (c) to Γ-K
′
as sketched in Fig. 44 (d). In accordance with TRS we
observe a sign change of Pz. The Pz curves shown in Fig. 44 (b) have been measured on the
QWS in Pb/Bi/Si(111) displayed in Fig. 39 (b) (scans 2 & 3) along Γ-M. Here, no significant
Pz can be observed within the experimental resolution of the polarimeter. These high symmetry
direction dependent Pz data are in line with the crystal symmetry of the fcc surface that is
schematically shown in Fig. 44 (e). The three mirror planes perpendicular to the surface are
labeled as δ1,2,3. Notice that the inclusion of a 2
nd layer reduces the symmetry actually from
six-fold to three-fold, which is also reflected in the LEED pattern displayed in Fig. 44 (d). The
intensities of the black spots labeled as (11), (01), and (10) are stronger than those of the three
other spots. The corresponding hexagonal SBZ is shown in Fig. 44 (f). The spin polarization
vector, P = 〈ψ|σ|ψ〉 (Eq. 50), is a pseudovector and transforms differently than a normal vector
under spatial symmetry operations. For instance, the application of a mirror plane symmetry
to a pseudovector, as shown in Fig. 44 (f), leaves the ⊥-component unchanged and reverses the
‖-component. It follows immediately that the spin of an electronic state at a mirror plane must be
orthogonal to this plane, i.e. fully in-plane. This is exactly what the SARPES experiment shows.
Currently three mechanisms have been discussed to explain an out-of-plane polarization of spin-
orbit split states. For topological insulators the inclusion of third order correction in k to explain
the warping of the surface states also induces an out-of-plane component of the spin expectation
value [125,146,170], see Hamiltonian in Eq. 52 of Sec. 5.1.2. Further, spin frustration at the edge
of the Brillouin zone can lead to an abrupt out-of-plane rotation of the Rashba spin [171]. Because
in Pb/Bi/Si(111) the constant energy surfaces of the 6pz derived states show no sign of warping and
the measurements were taken far from the edge of the Brillouin zone [kmax ≈ 0.25 < 0.64 A˚−1],
we propose that our observations are related to those for surface alloys [e.g. Bi/Ag(111)] where
an out-of-plane spin component is induced by an in-plane potential gradient or an in-plane asym-
metric charge distribution [137, 145]. Our previous photoemission measurements show that after
deposition of Pb on the Bi reconstructed Si(111) the Bi 5d core-levels shift by 350 meV towards
lower binding energy, which indicates a charge transfer between the Bi atoms and the Pb overlayer
(see Fig. 17 (b)). Therefore the presence of the Bi interface influences the standing electron waves
in the Pb layer and the in-plane charge density distribution around the Pb cores will be distorted.
74 6 MANIPULATING THE RASHBA-TYPE SPIN SPLITTING IN PB QWS
It is interesting to note that the Pz data of Figs. 44 (a-c) resemble the symmetry of the (1 × 1)
SBZ of the Pb film and not that of the (
√
3×√3)R30◦ reconstruction.
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Figure 44: (color online) (a-c) Measured and fitted Pz data for different high symmetry direc-
tions of the (1×1) SBZ of Pb/Bi/Si(111) along: (a) Γ-K. (b) Γ-M. (c) Γ-K′. (d) Spin texture
of Pz overlayed with a LEED pattern of the 3-fold symmetric Pb(111) surface. (e) Pb(111) sur-
face with the three mirror planes labeled as δ1,2,3. (f) Hexagonal surface Brillouin zone of Pb.
(g) Transformation properties of a pseudovector under reflection at a mirror plane.
Otherwise one would expect a vanishing Pz component along the Γ-K direction [145]. The absence
of any out-of-plane polarizations in Pb/Pb/Si(111) may result from the destruction of the Si(111)-
(
√
3×√3)-Pb periodicity by burial as reported by P. B. Howes [172] and later by R. Feng [173],
and also indicated by the close match between the theoretical and measured value for the Schottky
barrier (see Sec. 4.7). Apparently the Bi interface maintains its symmetry upon deposition of Pb
at low temperature. A X-ray scattering experiment could clarify this issue.
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6.2 Influence of the substrate doping concentration
In the following section we demonstrate the possibility to tune the Rashba effect in Pb QWS
through the doping dependence of the Schottky barrier, opening up the possibility of a terahertz
spin-based field-effect transistor (spin-FET). As introduced in Section 5.1.2, in a Rashba system
the inversion symmetry normal to the plane of a two-dimensional (2D) electron gas is broken
which generates a Fermi surface spin texture reminiscent of spin vortices of different radii. This
can be exploited in a spin-FET [7, 174], where the Rashba system forms a 2D channel between
ferromagnetic (FM) source and drain electrodes. The electron spin precesses when propagating
through the Rashba channel and spin orientations (anti)parallel to the drain give (low) high
conductivity. Crucial is the possibility to tune the momentum splitting, and consequently the
precession angle, through an external parameter.
6.2.1 Pb on n-type Si(111)
Figure 45 displays ARPES data from QWS formed in a N = 8 monolayers (ML) thick Pb film
deposited on Si substrates with a high (a) and low (b) donor concentration. The films on both
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Figure 45: Band dispersion of a QWS in 8 ML thick Pb film on (a) heavily n-doped and (b) lightly
n-doped Si(111) substrate measured with ARPES using hν = 24 eV. The sample temperature was
T = 80 K.
samples were prepared in the same way. The commercially available phosphorous doped Si wafers
have the following room temperature resistances R and donor densities ND
14. For Pb on the highly
n-doped substrate [henceforth Pb/h-Si(111)]: R = 4 Ωcm, ND = 1.14 · 1015 cm−3. For Pb on the
lightly n-doped substrate [henceforth Pb/l-Si(111)]: R = 95 Ωcm, ND = 4.65 · 1013 cm−3. In our
former studies on the sensitivity of the Rashba parameter on the interface (Sec. 5.2.3), we have
grown Pb films on wafers with: R = 53 Ωcm, ND = 8.38 · 1013 cm−3 [hereafter Pb/m-Si(111)].
14The resistance was taken from the companies data sheet and the donor concentration was calculated from
www.cleanroom.byu.edu/ResistivityCal.phtml
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Both band dispersions feature an anomalous high effective mass (>10 me), which is due to an
increased in-plane lattice constant, and are very similar to those obtained for Pb films grown on
a moderately doped Si(111) substrate, see Sec. 4.6. For the spin-resolved ARPES study we chose
the QWS with Eb ≈ 0.3 eV, because it has the largest signal-to-background ratio. The films on
both samples were prepared by depositing the same amount of Pb with a rate of ≈ 0.3 ML/min.
A change of the spin splitting can therefore be directly related to the influence of the donor
concentration of the Si substrate, because the metal-vacuum boundaries are the same.
Figure 46 shows SARPES data from a Pb QWS grown on the lightly n-doped Si(111) measured
for two energy distribution curves (EDCs) at (a) k‖ = −0.11 A˚−1 and (b) k‖ = −0.24 A˚−1.
For the measurements at both momenta displayed in Figs. 46 (c, d) the spin polarization data
show typical up-down excursions in the tangential spin polarization components as expected
for a Rashba system. A quantitative analysis of the spin-resolved data using a two-step fit-
ting routine reveals a larger spin splitting between the spin-up (↑) and spin-down (↓) bands
(∆E := E↑(k‖)− E↓(k‖)) for the state with higher momentum. The corresponding fits are shown
in Figs. 46 (a, c) for k‖ = −0.11 A˚−1 and in (b, d) for k‖ = −0.24 A˚−1. We obtain a spin splitting
of ∆E = −(22.2± 1.4) meV and −(33.8±1.4) meV, respectively, with fully polarized bands. The
increased spin splitting with increasing momentum is in agreement with the Rashba model where
∆E ∝ k‖, and also seen in Figs. 46 (g) and (h), which display raw data as spin-resolved EDCs
projected onto the quantization axis at both momenta, calculated as
I↑,↓tan =
1
2
Itot(1± Ptan) (56)
with Ptan = sign(Py)
√
P 2x + P
2
y (57)
Figures 46 (e) and (f) indicate the precise parallel momentum positions where the two EDCs were
measured. For k‖ = −0.11 A˚−1 the position was (kx, ky) = (−0.086, 0.072) A˚−1 (Fig. 46 (e)),
for k‖ = −0.24 A˚−1 it was (kx, ky) = (−0.227, 0.072) A˚−1 (Fig. 46 (f)). The strict Rashba-type
spin-momentum locking requires the spins to be quantized in the direction perpendicular to the
momenta, and the observed polarization along the x-direction is thus a consequence of the non-zero
ky component.
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Figure 46: Pb/l− Si(111) : Measured spin-integrated energy distribution curve (a) at
k‖ = − 0.11 A˚−1 and at (b) k‖ = −0.24 A˚−1 with V oigt intensity profiles obtained from
the self-consistent two-step fitting routine for the lightly n-doped Si(111). (c, d) Corresponding
polarization data and fits in x-, y- and z-direction. (e, f) Part of a constant energy surface il-
lustrating the measurement position of the EDC in reciprocal space obtained from the two-step
fit. (g, h) Spin-resolved intensity profiles projected on the quantization axis for the two measured
momenta.
Figures 47 (a-b) show SARPES data at k‖ = −0.24 A˚−1 for a Pb film of the same thickness
prepared on the heavily n-doped Si(111). The best self-consistent fit to the intensity and spin
polarization data is here achieved with ∆E = −(48.0 ± 1.8) meV. A direct comparison of both
systems at k‖ = −0.24 A˚−1 reveals a larger energy splitting on the heavily n-doped substrate by
almost 14 meV, which is well beyond the combined accuracy of 2 meV of the measurement and the
fitting routine [28]. To illustrate that the larger ∆E of the QWS in Pb/h-Si(111) is not an artifact
from our analysis procedure, we have performed a fit by keeping ∆E equal to the value found in
Pb/l-Si(111) (dashed lines in Figs. 47 (b, d)). Although the total intensity fit is reasonably good,
the fit to the polarization data obviously fails.
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Figure 47: Pb/h− Si(111) : Measured spin-integrated energy distribution curve at the in-plane
momentum (a) k‖ = −0.18 A˚−1 and (b) at k‖ = −0.24 A˚−1 with V oigt intensity profiles obtained
from the self-consistent two-step fitting routine. (c, d) Corresponding polarization data and fits
in x-, y- and z-direction. The dashed lines in (d) are fits performed with ∆E = −33.8 meV.
(e, f) Part of a constant energy surface illustrating the measurement position of the EDC in
reciprocal space obtained from the two-step fit. (g, h) Spin-resolved intensity profiles projected on
the quantization axis for the two measured momenta.
From these and further data sets measured at different parallel momenta we can deduce the
Rashba constants αRB for both doping levels by plotting the energy splittings, obtained from the
fitting, versus the in-plane momenta (Fig. 48 (a)). Values for αRB obtained by using
αRB =
~2k0
m?
=
1
2
d(∆E)
dk
(58)
are αRB,h = (0.11± 0.007) eVA˚ for the heavily n-doped substrate, αRB,m = (0.076± 0.005) eVA˚
for the moderately n-doped Si(111) [160], and αRB,l = (0.070±0.011) eVA˚ for the lightly n- doped
Si(111).
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We now discuss the mechanism leading to the decrease of the Rashba constant in Pb QWS with
increasing substrate resistance, as shown in Fig. 48 (b), or equivalently the increase of αRB
with donor concentration (Fig. 48 (c)). As demonstrated in Section 6.1 by the comparison of
the Rashba effect in Pb QWS on a Pb and Bi terminated Si surface, a changed Rashba constant
results from a modified charge density distribution in the Pb film which alters the local asymmetric
features of the QWS wave function around the Pb cores. According to the phase accumulation
model (see Sec. 3.1.1) the charge density distribution of a QWS is controlled by the phase shifts
at the metal-substrate and metal-vacuum interfaces [37]. Because the phase shift at the vacuum
side is the same for all three investigated systems, we focus in the following on the metal-substrate
interface with its phase shift given by ΦS ∝
√
E − E0Θ(E − E0) [40] where E is the energy of a
QWS and E0 is the valence band edge of Si at Γ and Θ is the Heaviside function. States with
energies inside the gap of a substrate are truly confined, while states outside the gap can couple to
substrate states leading to quantum well resonances with a considerable fraction of charge spilling
into the substrate. In between these two cases the confinement, i.e. the degree of localization,
changes as a function of E0. The goal of the following discussion is to show that the energetic
distance between the QWS and E0 is sensitive to the Schottky barrier (Φ
n
SB) and hence to the
donor concentration because both quantities are related via: ΦSBn + E0 = Eg where Eg is the
energy gap of Si(111).
Our explanation is based on the interface dipole model for Schottky barrier formation, which was
introduced in Sec. 3.4 and applied in Sec. 4.7 to explain the dependence of the Schottky barrier
on the interfactant. In this model the formation of polar Pb–Si bonds at the interface results
in a charge transfer and the establishment of an interface dipole that directly contributes to the
SB [59]:
ΦSBn = ΦM − χS + eVint. (59)
Here ΦM is the metal work function, χS is the electron affinity of the semiconductor, and Vint
is the dipole induced voltage drop at the interface. We will argue that the size of Vint is not
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only determined by the interface chemistry, but also by the doping concentration and the type of
dopant (donor or acceptor).
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The upper panel of Fig. 49 (a) shows the energy band diagram of Pb/Si deduced from measuring
the peak widths of QWSs and QWRs as suggested in Ref. [40], and from core-level shifts of the Si
2p spectrum in the interface region that revealed an accumulation of negative charge at Si atoms
when the Pb-Si interface is formed. For details see Sec. 4.7. This is in line with the predictions
of the polarity of the Pb-Si bond using the Miedema electronegativity scale and with the study of
Si 2p core-level shifts of Pb on n- and p-type Si that both revealed a shift toward lower binding
energies [111]. According to Koopman’s initial state model [119] this means that the electric
field generated by the interface dipole (EPb-Si) points from Pb to Si independent of the type of
dopant. The lower panel of Fig. 49 (a) illustrates our model which explains the influence of
the donor concentration on the band edge of Si(111). It consists of the aforementioned interface
dipole placed in a parallel plate capacitor (PC) that generates an electric field of strength [175]
|EPC| =
√
2eND(U0 + UG)/0 at the interface due to the space charge in the depletion layer
and hence depends on the density of ionized donors (ND). U0 is the built-in potential across the
Schottky barrier, UG is the gate voltage (for the moment UG = 0 V) and  = 11.9 the dielectric
constant of Si. For Pb in contact with n-type (p-type) Si the polarity of the capacitor is such that
the positive (negative) space charge is on the semiconductor side, while the negative (positive)
charge of equal size is balanced on the Pb side. Hence the direction of the electric field of the
dipole and of the capacitor are anti-parallel (parallel) to each other for n-type (p-type) Si. Now,
increasing the donor concentration increases the electric field in the capacitor and lowers Vint due
to the screening of the interface dipole. Consequently, the SB decreases and the band edge of Si
shifts to higher binding energies.
Our finding of a reduction of the SB with increasing ND is consistent with previous results [176,
177]. As already pointed out the increased energetic distance between the QWS and E0 influences
the confinement of the QWS via the metal-substrate phase shift such that the QWS is more
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strongly localized in the Pb film, i.e. less charge spills into the substrate. This affects the local
charge densities of the QWS wave function with respect to the Pb cores which determine the spin
splitting, as discussed in Sec. 5.2.3.
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Figure 50: (a) Pb/Si in a capacitor to illustrate how Eext is applied to the system. (b) Calculated
Rashba constant of Pb/Si as a function of applied external E-field. (c) Influence of Eext on the
energetic position of the Si valence band edge. (d) Charge density plots of QWS in Pb/Si with
(solid line) and without (dashed line) Eext at k‖ = 0.25 A˚−1.
We now show how the charge density distribution in the Pb film changes as a function of the ener-
getic position of the valence band edge using DFT calculations. These calculations were performed
on a 10 ML Pb film on Si(111) with the in-plane lattice constant of the Pb film commensurate with
that of Si(111) and with Pb/Si placed into a parallel plate capacitor producing external electric
fields (Eext) of various strengths with the positive bias at the Si side, see Fig. 50 (a). The DFT
calculations reveal that increasing Eext from 0 to 210 MVm
−1 shifts the Si valence band edge by
≈ 90 meV to higher binding energies, see Fig. 50 (c), and simultaneously the calculated Rashba
constant increases by ≈ 12 % (Fig. 50 (b)) Notice that here E0 shifts in the same direction as
predicted by the interface dipole model when the donor concentration is increased. As already
speculated the increased Rashba constant is a result of an increased localization of the state in the
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Pb film, which is apparent from Fig. 50 (d) where we show charge density distributions producing
a αRB = 0.078 eVA˚ at Eext = 0 MVm
−1 and 0.087 eVA˚ at 210 MVm−1, respectively. As will
be discussed below this interpretation is also consistent with our results obtained from Pb QWS
on heavily p-doped Si(111) (acceptor concentration NA = 1.18 · 1016 cm−3) where we find the
smallest Rashba constant among the studied systems of α
Pb/p−Si
RB = (0.061± 0.004) eVA˚.
Having shown the sensitivity of the Rashba constant in Pb QWS to the donor concentration
we now discuss the possibility to use Pb/Si as a candidate for future spintronic applications.
Assuming ballistic spin transport through the Rashba channel we deduce the length (L) at which
the injected spin - a coherent superposition of the two orthogonal Rashba spinors - precess by
an angle of pi while propagating along x, using L = pi/(2k0) where 2k0 = 2m
?αRB/~2 is the
characteristic Rashba-type momentum splitting deduced from the experiment. For electrons in
Pb/l-Si(111) we obtain Ll = 1.71 nm from k0,l = 0.092 A˚
−1, and in Pb/h-Si(111) Lh = 1.08 nm
from k0,h = 0.146 A˚
−1, see lower panels of Fig. 51 (a). For a spin-FET made of Pb/l-Si(111) with
a fixed channel length of 1.08 nm this means that changing the voltage drop at the interface by
increasing the dipole screening via |EPC| ∝
√
U0 + UG it is possible to go from a low (∆ϕ ≈ pi/2)
to a high conducting state (∆ϕ = pi) by ramping UG from 0 to −12.8 V as simulated in Fig. 51 (b)
which shows the interface electric field as a function of a gate voltage. In Pb/m-Si the conducting
state is reached at UG ≈ −6V .
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Figure 51: (a) Sketch of a spin-FET device operated with a gate voltage (UG) or by excitation
with femto-second IR pulses (upper panel). Spin precession of pi for electrons propagating along
the x-direction in Pb films on l-Si(111) and h-Si(111) (lower panels). (b) Electric field in the
parallel plate capacitor as a function of (reversed) gate voltage. The dashed lines mark the electric
field at UG = 0 V.
An alternative way to operate a spin-FET device may also be achieved by optical means – thereby
combining spin-based with electro-optical technologies. Recently it has been demonstrated that
it is possible to change the SB and correspondingly E0 in Pb/Si using ultra-short light pulses
[178]. Now, consider a spin-FET in the non-conducting state which can be optically driven.
Illuminating the device with fs-pulses leads to a modification of the charge balance at the interface
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and correspondingly to a shift of E0 due to the changed interface dipole such that k0 changes and
the conducting state is reached. For high-speed applications, the FET should respond quickly
to variations of the trigger pulse. In Pb/Si a complete built-up of the E0 shift is reached within
100 fs and equilibrium is recovered after 600 fs [178] - the non-conducting state. This yields a
switching frequency in the terahertz (THz) regime.
6.2.2 Pb on heavily p-doped Si(111)
In the following section we present data and analysis of the Rashba-type spin splitting in Pb QWS
in an ultra-thin Pb film of 8 ML thickness prepared on heavily p-doped Si(111). We find that
the Rashba parameter is the smallest among the here studied systems which is in line with the
presented interface dipole model and the corresponding screening of the interface dipole. We will
also show that the influence of the doping concentration on the spin splitting in Pb QWS can
neither be explained by a semi-classical approach via the penetration depth of the QWS wave
function into the barrier at the metal-substrate interface nor by the bare Rashba model.
In our study we have also measured spin splittings of QWS prepared on heavily p-doped Si(111)
[hereafter Pb/p-Si]. Our results are summarized in Fig. 52. Figure 52 (a) displays the electronic
structure of 8 ML Pb on p-type Si with a bulk resistivity of 1.25 Ωcm and an acceptor concentration
of NA = 1.18 · 1016 cm−3. The band dispersion is similarly flat as found for Pb on n-type Si.
The upper panels of Figs. 52 (b) and (c) show the measured spin-integrated spectra and the
lower panels spin polarization data together with fits that were taken at two different in-plane
momenta, i.e. (a) at k‖ = −0.16 A˚−1 and (b) at k‖ = −0.24 A˚−1, respectively. The measured
spin polarization data reflect Rashba-type spin splitting which manifests itself in a tangential spin
alignment to the energy contour and an increase of spin splitting with increasing momentum.
The two-step fitting routine gives a spin splitting of ∆E = −21.0 meV at k‖ = −0.16 A˚−1 and
∆E = −32.0 meV at k‖ = −0.24 A˚−1. A direct comparison of the measured spin splittings
at k‖ = −0.24 A˚−1 reveals the smallest spin splitting for Pb QWS on the heavily p-doped Si
substrate [cf. Pb/l-Si: −33.8 meV and Pb/h-Si: −48.0 meV]. Correspondingly, when analyzing
the spin splittings as a function of the in-plane momentum we find the smallest Rashba parameter
in Pb/p-Si being α
Pb/p−Si
RB = (0.061± 0.006) eVA˚, see Fig. 52 (d).
We now show that the reduction of the Rashba parameter is well explained by the interface dipole
model although, at a first glance, this finding seems to be in conflict with the found dependence
of αRB in Pb QWS on n-type Si that increased with increasing donor concentration.
In Figs. 53 (a, b) we draw the schematic energy band diagram for Pb in contact with p-type Si for
the case of (a) low and (b) high acceptor concentration. In the framework of the interface dipole
model the Schottky barrier is calculated via [59]
φSBp = IS − ΦM + eVint (60)
where IS is the ionization energy of the semiconductor, ΦM is the work function of the metal and
Vint the dipole induced voltage drop.
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Figure 52: (a) Band dispersion of a QWS in 8 ML thick Pb film on heavily p-doped Si. Measured
spin-integrated EDCs for Pb/p-Si(111) (b) at k‖ = −0.16 A˚−1 and at (c) k‖ = −0.24 A˚−1 with
Voigt profiles obtained from the self-consistent two-step fitting routine. The lower panels show the
corresponding spin polarization data and fits in x-, y- and z-direction. Insets show the in-plane
polarization vectors obtained from the two-step fit. (d) Measured k-dependent energy splittings and
linear fit (line) to obtain αRB for Pb/p-Si(111).
According to Figs. 53 (a, b) the valence band edge of Si(111) equals the SB, i.e. E0 = φ
SB
p . As
already mentioned in the previous section, the polarity of the parallel plate capacitor in Pb/p-Si
is such that the electric field generated from the ionized (negative) acceptors points from the Pb
toward the Si side and is therefore parallel to the electric field generated by the interface dipole.
The parallel alignment of both electric fields results in an inverted dependence of the screening
of the dipole upon increasing the acceptor concentration; increasing the acceptor concentration
increases the electric field in the capacitor and due to the parallel alignment the voltage drop at
the interface increases. Consequently the SB decreases (IS and φM are constant) and so does the
energetic distance between the band edge and the QWS. The decreased energetic distance alters
the phase shift at the metal-substrate interface such that the QWS becomes more delocalized in
the Pb film. This lowers the Rashba parameter because less charge density contributes to the
local spin splittings at the Pb cores.
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Figure 53: (a,b) Energy diagram of Pb on p-type Si within the interface dipole model (not to
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(c) Calculated electronic structure of 10 ML Pb on Si with (left panel) Eext = −210 MVm−1
and (right panel) Eext = 0 MVm
−1. (c) Corresponding charge density plots of the Pb QWS as a
function of the electric field.
Our explanation is well reproduced by DFT calculations. Figure 53 (c) shows the band structure
of 10 ML Pb on Si(111) with an applied external electric field of −210 MVm−1 (left panel) and
with Eext = 0 MVm
−1 (right panel). The electric field shifts the band edge of Si by roughly 120
meV toward lower binding energies, i.e. in the same direction when the acceptor concentration
increases. The influence of this band shift on the charge density distribution of the QWS is
displayed in Fig. 53 (d). The charge density in the case of Eext 6= 0 MVm−1 spills to a larger
amount into the Si substrate.
To summarize, while in Pb on n-type Si the Rashba parameter is found to increase with donor
concentration, in Pb on p-type the opposite dependence is likely present, i.e. a decrease of αRB
with increasing acceptor concentration.
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6.2.3 Semiclassical penetration model
In the following we discuss the results of the study of Ref. [177] which investigated the influence
of the barrier shape at the metal-substrate interface on the energetic positions of occupied and
unoccupied QWS in Pb on n-Si(111) using scanning tunneling spectroscopy. The authors follow
the idea that the Schottky barrier is independent on the doping concentration (corresponding
to the Schottky limit) and that the confinement barrier for electrons approaching the substrate
interface can be modeled via
eV (z) =
[
(E[111] + Φ
SB
n )−
eND
20r
(z − zD)2
]
Θ(z − zD) (61)
where E[111] = 9.685 eV is the distance between the top of the s-like band of Pb in the Γ-L direction,
zD is the depletion layer width and Θ is the Heaviside function. Based on this model one would
expect a larger penetration depth of the envelope function of the QWS into the substrate with a
higher doping concentration, as schematically illustrated in Fig. 54 (a). According to the particle-
in-the box model the eigenenergy En ∝ d−2eff of the state should then decrease because the effective
width of the confinement box increases, see Eq. 25 of Sec. 3.1.1. However in their measurements
the scientists observe exactly the opposite behavior; the occupied levels in Pb on the heavily n-
doped Si substrate are at larger energies compared with states in Pb on the lightly n-doped Si
(compare data presented in Fig. 2 of Ref. [177]). Because of the obvious conflict between the
model and the experimental findings the authors concluded that the measured energetic positions
of the QWS are an artifact of the measurement technique. However, in our ARPES experiment we
find the same behavior of the energetics as a function of donor concentration which is exemplary
shown in Fig. 54 (b). The state in Pb/h-Si is at lower binding energy compared to the state in
Pb/l-Si(111), which strongly supports the interface dipole model for Schottky barrier formation.
For clarity in Fig. 54 (c) we compare also normal emission spectra of QWS in Pb on the heavy
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p- and heavy n-type doped Si substrate. As already discussed the QWS in Pb/p-Si is more
delocalized than in Pb/h-Si resulting in a larger binding energy at k‖ = 0 A˚−1.
6.3 Electric field contribution to the Rashba effect
Doping (n-type) ND [cm
−3] EM-S [MVm−1] Beff [T] ∆E [eV]
low 4.65 · 1013 0.27 8.4 · 10−7 4.8 · 10−11
moderate 8.38 · 1013 0.36 11.1 · 10−7 6.4 · 10−11
high 1.14 · 1015 1.37 4.24 · 10−6 2.4 · 10−10
Table 2: Donor density, interface electric field, effective B-field and energy splitting according to
the Rashba model.
In the originally derived Rashba model (Sec. 5.1.2) an electric field transforms via the Lorentz
transformation into an effective magnetic field, which causes the energy splitting between spin-up
and spin-down bands of size ∆E = −µs|Beff |, with the spin magnetic moment µs = -geµB~ |s| and
Beff = − ~mec2 (k‖ ×E). From the donor density (ND) and the built-in potential (U0) we estimate
the electric field at the metal-substrate interface via [175],
|EM-S| =
√
2qNDU0
0r
(62)
and determine the corresponding energy splittings at k‖ = 0.24 A˚−1. For Pb/h-Si (high n-type
doping) we obtain EM-S,h = 1.37 MVm
−1 and ∆Eh = 2.4 · 10−10 eV, for moderate doping
EM-S,m = 0.36 MVm
−1 and ∆Em = 6.4 · 10−11 eV, and for the low doping EM-S,l = 0.27 MVm−1
and ∆El = 4.8 · 10−11 eV. The trend in the energy splittings as a function of doping reflects our
experimental findings, but the calculated absolute values are eight orders of magnitude too small
and cannot explain the difference of 14 meV in the measured spin splittings of Pb/h-Si(111) and
Pb/l-Si(111). The results are summarized in Tab. 2. Based on the bare Rashba model one would
also expect the largest spin splitting in Pb QWS on p-type Si, because of the largest electric field
due to the high acceptor concentration. However, this system features actually the smallest spin
splittings which is a further indication that the simplified original Rashba model does not hold
for Pb QWS.
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6.4 Conclusions
Using spin- and angle-resolved photoemission spectroscopy we could show that the spin splitting
and the spin texture of quantum well states in thin Pb films can be manipulated through changes
in the interface and in the substrate charge density.
• Influence of the interface on the Rashba-type spin splitting in Pb QWS
The Bi interface reduces the spin splitting of the Pb states by a factor of two and the spin
polarization vector is rotated by 32◦ out of the sample plane compared to films grown on the
Pb reconstructed Si(111) substrate. The rotation of the spin polarization out of the surface
plane introduces an additional degree of freedom for the spin injection into a Rashba system.
The spin splitting on a Ag reconstructed substrate reduces even further and is below the
experimental resolution of the polarimeter.
• Influence of the substrate charge density
The Rashba-type spin splitting of QWS in ultra-thin Pb films can be tuned effectively via
the doping concentration of the Si(111) substrate. The Rashba constant of QWS on n-type
doped Si(111) raises by a factor of two when the donor concentration is increased by a factor
of ∼ 20. On the other hand, QWS on heavily p-doped Si(111) feature the smallest Rashba
constant among the systems containing a Pb interface. We conjecture that the energetic
position of the Si valence band edge is the decisive factor for this effect. As has been shown
by first-principles calculations this opens up the possibility to fine-tune the Rashba-type spin
splitting in metallic QWS via a gate voltage or by excitation with ultra-short laser pulses.
We would like to emphasize that both presented studies seem to differ in their statements in
what increases the size of the spin splitting in Pb QWS. In our first study on the influence of the
interface on SOI in QWS the Rashba parameter increases because the valence band edge of Si
shifts toward EF , as summarized in Fig. 55 (a). The increase of αRB is understood by the simple
model, in which the resulting spin splitting is determined by the difference in the boundaries at
the metal-vacuum and metal-substrate: increasing the penetration depth of the wave function
into the substrate while fixing the vacuum boundary increases the local asymmetry and hence the
net splitting.
In our second study on the influence of the substrate charge density on the Rashba splitting
(Fig. 55 (b)), we obtain an increase of the Rashba parameter when the valence band edge moves
away from EF . At a first glance both findings seem to be contradicting. However, it is not only
the asymmetry that defines the net splitting, but also the localization of the state in the film, as
already pointed out in the conclusions of Chapter 5.
Having this in mind, Figs. 55 (a) and (b) are explained as follows. The Ag interface reduces the
interaction between the film and the substrate, such that the QWS produces almost symmetric
local asymmetries around the cores and hence a net spin splitting close to zero although the local-
ization of the state is at maximum. On the Bi interface the QWS penetrates slightly deeper into
the substrate than into the vacuum. The asymmetric confinement induces small local asymme-
tries in the wave function around the cores, and hence a finite Rashba splitting. In Pb/m-Si(111)
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Figure 55: (a) Rashba parameter αRB of the investigated systems with the various interfactants
Pb, Bi, and Ag, as a function of Si valence band edge E0 = Eg − ΦSBn . (b) Measured Rashba
parameters of Pb films on the differently n-doped Si substrates (x-axis not in scale).
the interaction is quite strong and the QWS penetrates considerably into the substrate. In this
case, the asymmetry is at maximum, i.e. further increase of the penetration length of the QWS
does not result in a larger splitting. On the contrary, the spin splitting decreases, as seen from
the decreased αRB comparing Pb/m-Si with Pb/l-Si. Here, the second ingredient for increasing
the spin splitting becomes relevant - the localization of the state. It increases from Pb/l-Si to
Pb/h-Si(111), as seen from Fig. 54 (c), while the asymmetry decreases.
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7 Interband spin-orbit coupling in Pb QWS
In this chapter we investigate a momentum region in Pb/Bi/Si(111) where hybridization between
bands of different orbital symmetries alters the band structure significantly. Starting from the
Rashba regime where the energy-momentum dispersion of the quasi-free 2DEG is well described
by the two spin-polarized parabolas, we find a breakdown of the Rashba behavior which manifests
itself in a spin splitting that is no longer proportional to the in-plane momentum. Instead, we
find that the spin splitting decreases with increasing momentum where the band dispersion of
the QWS slows down. Using spin- and angle-resolved photoemission spectroscopy we identify the
detailed interplay between the bands forming hybridized states. Our experimental findings are
well explained by the inclusion of an interband spin-orbit coupling term that mixes Rashba-split
states of the 2DEG with anti-parallel spins. In the last part of the Chapter we compare the results
obtained from QWS in the system Pb/Bi/Si(111) with results from QWS in an ultra-thin Pb film
deposited on Cu(111).
7.1 Introduction
Spin-orbit interaction (SOI) in non-magnetic low-dimensional systems is well known to lift the
two-fold spin degeneracy of electronic bands in solids [22]. Depending on how the symmetry of a
system is broken SOI, can take different functional forms resulting in effective Hamiltonians that
lead to either the Rashba-Bychkov [123] or the Dresselhaus effect [9]. While in the latter case,
the symmetry is broken by a unit cell which lacks an inversion center [termed as bulk inversion
asymmetry], to induce the Rashba effect it is necessary to break the structural inversion symmetry.
This is naturally the case at a surface or/and an interface parallel to the plane of confinement of
a two-dimensional electron gas (2DEG).
It is found that most of the examined systems not only reflect the aforementioned predictions by
the Rashba model, but also show deviations, manifested in the appearance of e.g. an out-of-plane
rotation of the spin polarization vector [e.g. in the high-Z surface alloy Bi/Ag(111) [145]], or/and
in-plane radial rotations as reported for the
√
3 reconstruction of Au on Ge(111) [147], see Sec. 5.2
for review. These deviations are not described by the simple Rashba model because they originate
from the crystal potential, which is neglected in the derivation of the Rashba Hamiltonian. While
surface states on high-Z noble metals are a good approximation of quasi-free 2DEGs and hence
behave Rashba-like, the band structure of low-dimensional systems is usually more complex due to
the presence of bands that eventually form energy gaps due to the avoided crossing hybridization
as reported for QWS in Al/W(110) [156], or for electronic states in a Ag film covered with the
high-Z surface alloy Bi/Ag [157,158].
It is known that when bands belonging to the same group representation approach one another,
SOI opens a hybridization gap resulting in an avoided crossing of bands [179, 180]. Close to this
gap the orbital symmetry of the involved bands gets mixed and consequently the spins of the
states get significantly altered due to SOI, i.e. L ·S. Here we provide direct evidence by using
spin- and angle-resolved spectroscopy of an interband spin-orbit coupling between Rashba-type
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consequence of size reduction. (right panel) Calculated band structure of a 8 ML free-standing Pb
film. The subband with the quantum number n = 4 is schematically split by the Rashba effect into
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spin split states of opposite spin directions. Our findings are distinctively different from the studies
in Refs. [156,157] which reported a SOI-induced hybridization between states with parallel spins,
and in line with studies on Bi/Cu(111) [179] and recently on the surface alloy BiAg2 [181].
7.2 Results
Figure 56 (a) shows an electronic structure of an ultra-thin film formed by 10 monolayers of
Pb grown on the dense (
√
3 × √3)R30◦-Bi(β) reconstructed Si substrate. Details about this
reconstruction and about the sample preparation are found in Sec. 4.3.1. The M-shaped QWS
with a binding energy (Eb) EΓ = 490 meV at normal emission (Γ) arises from the quantization of
the band dispersion along the Γ-L direction due to the size reduction. This is illustrated in the
left panel of Fig. 56 (b) by the example of a 8 ML Pb film. The corresponding band structure,
calculated with density functional theory, is shown in the right panel of Fig. 56 (b). The absence
of sharp QWSs with binding energies larger than ≈ 0.5 eV in the ARPES data (Fig. 56 (a)) is
due to the resonant coupling of the states in the Pb film with Si substrate states.
The main focus of this study is the outer region in the band structure marked by the dashed box
in Fig. 56 (a) and enlarged in Fig. 57 (a). It consists of three bands labeled as α, β, γ, which are
derived from Pb 6p (l = 1) orbitals, because the binding energies lie above the Pb sp symmetry
band gap in the Γ-L direction (cf. Fig. 56 (b)). More specifically, states that are described by
an upward parabolic dispersion with band minimum at Γ are of 6pz symmetry (ml = 0), whereas
states with downward dispersion and band maximum at Γ are of 6px,y symmetry (ml ± 1).
Within a momentum range of k‖ = Γ± 0.3 A˚−1, the dispersion of the α-band is well described by
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the relation of Rashba-type spin-split free electrons via
α±(k‖) = EΓ +
~2
2m?
k2‖ ± αRB|k‖| (63)
where m? = 3.2 me [168] is the effective mass, k‖ = (kx, ky) is the parallel momentum, and
αRB = 0.033 eVA˚ [160] describes the strength of the Rashba effect.
Remarkably, the initially 6pz derived α-band changes its curvature from being electron-like (m
? > 0)
to hole-like (m? < 0) for in-plane momenta |k‖| > 0.3 A˚−1 which is a first indication of avoided
crossing hybridization. Such a pronounced change in the electronic dispersion has been also ob-
served for monolayers of Pb on graphitized SiC and explained as due to SOI-induced hybridization
and is therefore related to the particular band structure of the Pb film [51]. In Fig. 57 (b) we
plot the dispersion of the α-band, which was obtained by fitting energy distribution curves as a
function of momentum utilizing Voigt profiles. It is seen that the actual electron-like dispersion
starts to deviate from the experimental data at k‖ ≈ 0.32 A˚−1 [hereafter termed the inflection
point]. For clarity we have also included the dispersions of the hole-like β and γ bands, respec-
tively. The parabolic fit of the α-band would intersect the β-band at (Eb, k‖) ≈ (100 meV, 0.55
A˚−1) [hereafter termed the avoided crossing point] in the case of SOI-induced hybridization is
turned off. The Fermi level crossing of the β- and γ-band is also resolved in Fig. 57 (c) which
displays the Fermi surface (FS) of the ultra-thin Pb film. The hexagonal shape of the FS reflects
the (111) crystal symmetry with corners pointing into the high symmetry direction Γ-K. Further-
more, by following e.g. the inner 6px,y band on the FS we observe an intensity modulation with
a periodicity of 23pi, in line with the 3-fold rotational symmetry (C3ν) of the crystal structure and
also apparent from the LEED pattern shown in Fig. 44 (d).
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Motivated by the peculiar dispersion of the α-band we first study the evolution of its spin splitting
as a function of momentum, starting in the Rashba regime. In Fig. 58 (a) we show spectra
recorded as a function of k‖ extracted from Fig. 57 (a). We start with a spin-resolved energy
distribution curve (SR-EDC) taken at k‖ = 0.29 A˚−1 using the two-Mott detector scheme, which is
sensitive to all three spin polarization components (Px, Py, Pz) [182]. At this momentum, far away
from the region where the α-band bends downward [at ≈ 0.5 A˚−1], we expect a Rashba-like spin
splitting and spin orientation. The data and the corresponding analysis using the self-consistent
two-step fit [145] are shown in Fig. 58 (b). We observe up-down excursions in the tangential
spin polarization (Ptan) - the direction perpendicular to the momentum and a spin splitting of
∆E = 20 meV between the spin-up (+) and spin-down (-) states. The polarization along the
radial direction is below the detection limit of the polarimeter. An out-of-plane spin polarization
(Pz), which has been reported in Sec. 6.1 for this system, is suppressed because we measured
along the Γ-M direction, i.e. in the mirror plane of the (1× 1) SBZ.
In the following we switch to the single Mott scheme and focus on the tangential spin polarization
component. This way, we can decrease the ∆k steps for similar overall acquisition time and
precisely follow the evolution of the spin splitting along the dispersion. Figure 58 (c) shows
exemplary Ptan data and fits obtained from SR-EDCs taken at increasing in-plane momenta.
The color coding of the data corresponds to that in Fig. 58 (a). We observe first an increased
polarization amplitude and spin splitting toward k‖ = 0.34 A˚−1, followed by a reduction toward
k‖ = 0.5 A˚−1. In the region where the α-band bends downward the spin splitting seems to
recover again with the same sign of the spin splitting, i.e. ∆E = 2αRB · k‖ > 0, which indicates
a sign reversal in the momentum splitting ∆k = 2k0. As will be shown later, this sign change is
better resolved in spin-resolved momentum distribution curves (MDC) rather than SR-EDCs. At
this point we notice that in the region beyond the inflection point the tangential spin alignment
persists and neither radial nor out-of-plane rotations of the spin polarization vector are observed.
This is exemplified in Fig. 58 (d) which shows the 3D spin polarization data measured at k‖ =
0.36 A˚−1. The spin polarization vectors of the two Rashba-split states are very similar to those
displayed in Fig. 58 (b).
Next, we focus on the spin texture of the α- and the β-band by analyzing SR-MDCs. Figure 59 (a)
shows spin-integrated MDCs extracted from Fig. 56 (b). Starting from the high binding energy
side, we observe maximum spectral weight on the downward dispersing α-band and a small shoul-
der at the high momentum tail from the β-band. With decreasing Eb the spectral weight shifts
from the α- to the β-band. Closer to EF both the β and γ bands can be clearly distinguished.
Figure 59 (b) shows a series of spin polarization data from SR-MDCs. The polarization curve at
Eb ≈ 0.6 eV (scan 7) reveals a momentum splitting of the α-band, that is in line with data taken
in the EDC mode (cf. Fig. 58 (c) and Fig. 61 (b)), i.e. k↓α,‖ < k
↑
α,‖ translates into ∆E > 0. This
substantiates our finding that the sign of the momentum splitting of the α-band reverses upon
passing the avoided crossing point. Because for this band both the sign of m? and the sign of ∆k
changes, the Rashba constant maintains its sign since αRB = ~2∆k/2m?.
For the adjacent β-band we find a similar behavior of a sign reversal of the Rashba constant. This
7.2 Results 95
0.600.500.400.30
k|| (Å
-1)
7
1
2
z-
Po
l. 1
2
3
4
3
4
5
6
6
5
-0.2
0.0
0.2
-0.2
0.0
0.2
Po
lar
iza
tio
n tangential
out-of-plane
Fit
Fit
measured MDC
Intensity fit
-0.2
0.0
0.2
-0.2
0.0
0.2
-0.2
0.0
0.2
-0.2
0.0
0.2
-0.2
0.0
0.2
-0.2
0.0
0.2
-0.2
0.0
0.2(a)
Po
lar
iza
tio
n
(b) (c)
In
te
ns
ity
(d)
(e)
1
1
2
2
3
4
4
5
6
7
5
6
7
3
0.6
0.5
0.4
0.3
0.2
0.1
0.0
E 
 (e
V)
b
0.600.50 0.55 0.800.700.600.500.40
k|| (Å
-1) k|| (Å
-1)
ΓKΓM
β γ
δ
β
γ
α
β
α
β γ
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(b) Measured tangential spin polarization data at various values of Eb; the numbers correspond to
those in (a). (c) Measured total intensity MDC at the Fermi level and corresponding spin polariza-
tion data and fits along the tangential direction (d) and the z-direction (e). The inset of (e) shows
the out-of-plane rotation of the spin polarization vectors at increasing in-plane momentum obtained
from the self-consistent two-step fit.
is seen from a comparison between the measurements at Eb ≈ 0.6 eV and EF (Fig. 59 (b)). Scan 7
indicates that the spin-up peak (indicated by the second up-arrow at k‖ ≈ 0.64 A˚−1) is located
at lower k‖ than the corresponding spin-down peak (not measured). In contrast, the analysis of
scan 1 reveals that the spin-down peak is at lower momentum than the corresponding spin-up
peak. This means, in between Eb = 0.6 eV and EF the Rashba constant of the band changed
its sign as it disperses toward EF . Indeed, when we compare scan 3 (at ≈ 0.25 eV) with scan 2
(at ≈ 0.1 eV) we can localize this sign change, which is close to the avoided crossing point (cf.
Fig. 57 (b)). This behavior is therefore different from the one of the α-band, where both the sign
of the effective mass and the sign of the momentum splitting are changed.
To unravel how the spin textures of these bands interplay, we have performed a SR-MDC (single
Mott) at the Fermi level in an extended momentum range and along the Γ-K high symmetry
direction. The results are shown in Figs. 59 (c-e). First of all, the larger measured momentum
range allows to investigate the spin texture of three px,y bands (labeled as β, γ, δ) at the Fermi
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level. Figure 59 (c) shows the spin-integrated MDC, and in (d) and (e) we show tangential and
out-of-plane polarization data together with our analysis, respectively. There is a clear difference
between the Pz and Ptan data. While the z-polarization reveals a spin configuration of alternating
up-down spin pairs, the tangential polarization shows down-up-up-down-up-down excursions. This
means the Rashba constant changes sign between the β-band and the γ-band. Furthermore, it
is found that the out-of-plane rotation of the spin polarization vector increases with the in-plane
momentum, which is understood by the fact that states of px,y orbital symmetry are more sensitive
to the in-plane gradient of a potential. This finding is nicely in line with the observations for the
high-Z metal surface alloys, e.g. Bi/Ag(111) [145].
7.3 Discussion
We start the discussion on the origin of the measured spin structure with Figure 60 (a) which
displays the band dispersion of 8 ML Pb on Bi-
√
3/Si(111). Two different hybridization effects
are common for this system. Around the Γ point the hybridization of the 6pz derived QWS of
the ultra-thin Pb film with the Si substrate states leads to quantum well resonances. This is
seen by the sudden intensity drop in the measured photocurrent and by the larger peak widths
as the electron-like dispersion enters the region of the heavy hole (HH) and the light hole (LH)
bands. DFT calculations show that the HH band is of px orbital symmetry, while the LH band
is mainly of pz symmetry [104]. Although the valence band of Si is composed of p-like orbitals,
an avoided crossing between the 6pz QWS and the HH and the LH states is not observed. A
similar hybridization scenario was also reported for Al/Si(111) [105]. This is understood by the
fact that avoided crossing of bands occurs when the eigenfunctions belong to the same irreducible
representation of a space group of the lattice; Pb crystallizes in the face-centered cubic structure
(space group O5h) and Si in the diamond structure (space group O
7
h) [122].
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Figure 60: (a) Electronic structure of a 8 ML Pb film on Bi/Si. Notice the hybridization between
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(b) Magnification of a calculated band structure into the avoided crossing region.
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Figure 60 (b) displays the band structure region of an ultra-thin Pb film (8 ML) where the second
type of hybridization dominates. The avoided crossings of the bands are well reproduced by taking
SOI into account. At larger momenta it is seen that the px,y band that crosses EF at k‖ ≈ 0.6 A˚−1
(the crossing is marked by an arrow), continues with an electron-like dispersion, adapted from
an electron-like band, as long as no hybridization with a neighboring px,y band occurs. As will
be shown below this property has an important influence on the spin texture of the downward
dispersing bands in between.
Figures 61 (a, b) summarize our main findings concerning the spin texture of the α-band. Fig-
ure 61 (a) displays our measured spin splittings of the α-band for the full investigated momentum
range and in (b) we draw a schematic band dispersion based on our findings. In going away from
the Γ point, the spin splitting increases with the in-plane momentum, in accordance with the
Rashba model. In between k‖ = 0.34 and 0.5 A˚−1, the measured energy splittings are found to
decrease with the in-plane momentum. Such a behavior is in sharp contrast to the Rashba model
and was also observed in 1 ML Au on W(110) [183] (cf. Fig. 32 (d) of Sec. 5.2.2). We conjecture
that hybridization starts to develop at the inflection point, i.e. as the interaction between the
α- and the adjacent β-band increases the energy splittings decrease. Finally, beyond the avoided
crossing point the spin splitting recovers with a larger slope as a consequence of the smaller effec-
tive mass, since ∆E ∝ αRB ∝ 1/m?. Furthermore we find that the relative spin helicities of the
spin-split components of the α-band are reversed upon passing the momentum region where the
band bends downward. Figure 61 (b) displays schematically the spin texture along the dashed
line.
Figures 61 (c, d) explain qualitatively the hybridization mechanism as revealed from the SARPES
measurements. The SOI-induced avoided crossing hybridization between the α- and the β-band
leads to a gap opening and a sign reversal in the effective mass of both bands. Close to the gap
the states hybridize by mixing the orbital symmetry and the spin character of the corresponding
wave functions. That way the α-band adapts the spin and orbital character of the β-band, which
leads to a reversal of the sign of the momentum splitting and of the effective mass. On the
other hand, beyond the hybridization gap the β-band continues to disperse with pz character (i.e.
m? > 0) adapted from the α-band and approaches the adjacent γ-band, as schematically drawn in
Fig. 61 (c) for the case of no interaction between these bands. When we turn the avoided crossing
hybridization on (Fig. 61 (d)), it is seen that the β-band adapts the px,y orbital symmetry and
the spin character of the γ-band. Consequently, it disperses again hole-like and with a relative
order of momentum splitting given by the γ-band which leads to a hybridization-induced reversal
of the Rashba constant. The same arguments apply for the next bands with px,y symmetry, as
long as other downward dispersing bands are present.
To gain a quantitative understanding of the SOI-induced hybridization we adapt an interband
spin-orbit coupling model suggested in Ref. [181] which was successively used to explain the gap
opening in the band dispersion of a strongly Rashba-type spin-split system formed in the surface
alloy BiAg2. This model assumes a hybridization between two Rashba branches with opposite spin
direction. In the case of Pb/Bi/Si which represents a 2DEG with weak SOI due to the Rashba
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Figure 61: (a) Measured k-dependent energy splittings of the α-band over the full investigated
momentum range and linear fits. (b) Schematic drawing of the band splitting deduced from our
fitting procedure to the experimental data. The inset shows the spin texture along the dashed line
illustrating the sign reversal of the momentum splitting. (c) Schematic drawing of the resulting
dispersion of the α- and the β-band when SOI-induced hybridization is taken into account. When
the avoided hybridization is turned off, the β-band continues with an electron-like dispersion and
crosses the γ-band. (d) Resulting schematic dispersion of the bands after the avoided crossing
hybridization is turned on between the α- and the β-band, between the β- and the γ-band, and
between the γ- and the δ-band.
effect, we introduce the opening of two hybridization gaps, i.e.
∆1 = 〈α+|HSOC|β−〉 ∆2 = 〈α−|HSOC|β+〉 (64)
Here |α±〉 (|β±〉) denotes the eigenstates of the Rashba Hamiltonian. The modified energy dis-
persion is calculated via [181]
H± =
1
2
(
α+ + β−
)±
√(
α+ − β−
2
)2
+ ∆21 (65)
G± =
1
2
(
α− + β+
)±
√(
α− − β+
2
)2
+ ∆22 (66)
where α± and β± denote the spin-up (+) and spin-down (-) energy branches. Close to the avoided
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crossing point the interband SO coupling mixes the states |α±〉 and |β±〉 in new eigenstates:
|H+〉 = hk|α+〉+
√
1− h2k|β−〉 (67)
|H−〉 =
√
1− h2k|β+〉+ hk|α−〉 (68)
and
|G+〉 = gk|α−〉+
√
1− g2k|β+〉 (69)
|G−〉 =
√
1− g2k|β−〉+ gk|α+〉 (70)
where hk and gk are k-dependent coefficients which determine the orbital and spin mixing ratio.
Notice that the new eigenstates are formed by mixing of Rashba states with anti-parallel spins.
Before we discuss the modification of the α-band dispersion induced by the interband spin-orbit
coupling, we display in Fig. 62 (a) the eigenvalues of the α and β bands according to the Rashba
model. For the β-band we use a momentum splitting of 2k0 = 0.021 A˚
−1 as obtained from the
two-step fit presented in Figs. 59 (c-e) and an effective mass of m? ≈ −0.5 me. It is clear that
this model alone can neither explain the sign reversal in the effective mass of the α-band nor the
modified spin structure of the α- and the β-band across the avoided crossing point.
Figure 62 (b) shows the results of applying the interband SO coupling model, in addition to the
Rashba-type SOI, on the energy dispersion of the α-band. We find a good agreement between the
experimental data and the calculated dispersion by introducing a interband SO coupling strength
of ∆1,2 = 120 meV.
In contrast to the surface alloy BiAg2 investigated in Ref. [181] where the Rashba-type SOC is
larger than the interband SOC (∆ ≈ 30 meV, ERB = α2RBm?/(2~2) ≈ 300 meV), the relative
energy scale of SOC induced by the Rashba effect and by the interband coupling is inverted for
Pb/Bi/Si. We find the interband contribution to be three orders of magnitude stronger than
the Rashba contribution, ERB = 0.23 meV. The larger ∆ in Pb/Bi/Si(111) by a factor of four
compared to the one found in BiAg2 is understood by the fact that in Pb/Bi/Si a Rashba-
split electron-like band interacts with a Rashba-split hole-like band. In BiAg2 the interband SO
coupling mixes electronic states which all disperse with m? < 0. The sign change of the momentum
splitting for the α-band is a direct spectroscopic evidence of the mixed and k-dependent (via hk
and gk) spin character of the corresponding new wave functions.
In the following we demonstrate that in Pb/Bi/Si the interband SO coupling occurs between bands
with anti-parallel spins, instead of a coupling of bands with parallel spins. Although the latter
scenario can also explain the modification of the α-band dispersion (see dashed lines in Fig. 62 (b)),
it fails to qualitatively reproduce the measured spin splittings as a function of momentum in the
hybridization region, i.e. in the momentum region starting at the inflection point. A comparison
between both models and the data is shown in Fig. 62 (c). The model of interband SO coupling
of states with parallel spins neither predicts a decrease of the spin splitting, nor a vanishing spin
splitting along the band dispersion. In contrast, the model of the coupling of states with anti-
parallel spin matches qualitatively the experimental data. That the energy splitting between the
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Figure 62: (a) Comparison of the band structure in the avoided crossing region with the solution
of the Rashba Hamiltonian. (b) The same region as in (a) overlaid by the new solutions of the
model Hamiltonian incorporating SOI due to the Rashba effect and due the interband SO coupling
for an interaction of strength ∆1,2 = 120 meV. (c) Energy splitting as a function of k‖ in the
hybridization region that starts at the inflection point. The measured spin splittings are compared
with an interband SO coupling model that mixes states with parallel (red diamonds) and anti-
parallel (circles) spins. A closer match to the experimental findings is achieved with anti-parallel
interband SO coupling.
H+ and the G+ branch does not decrease linearly with momentum may serve as an indication
that the degree of the spin polarization of the new eigenstates (|H+〉, |G+〉) which are formed by
the superposition of the Rashba spinors with opposite spin directions, is no longer 100%. Indeed,
theory predicts that toward the avoided crossing point the spin polarization of the states |H±〉
and |G±〉 reduces according to [184,185]
P (k‖)H
±
=
(α+k‖ − β
−
k‖
)√
(α+k‖ − β
−
k‖
)2 + 4∆2
(71)
P (k‖)G
±
=
(α−k‖ − β
+
k‖
)√
(α−k‖ − β
+
k‖
)2 + 4∆2
(72)
Consequently the measured spin polarization of the α-band toward the crossing point is reduced
(i) due to the crossing of branches H+ and G+ and (ii) because the spin polarization of each branch
is reduced due to the mixed spin character. Another indication of the action of the spin-flip term
is that both bands H+ and G+ change their spin direction when passing the crossing point. If
the spin-conserving term would dominate the spin character would not change when going along
these bands [186]. Whether the action of the spin-flip, or the spin-conserving term of the SOC
operator is present in a system, depends on the details of the orbital symmetry of the interacting
wave functions. For example, if the β-band were pz derived then ∆
↑,↓ = 0 and ∆↑(↓),↑(↓) 6= 0, i.e.
the spin-conserving part would dominate.
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7.4 Pb/Cu(111)
In the following we substantiate that the interband SO coupling, which explains (i) the modifi-
cation of the dispersion of the α-band and (ii) the sign reversal in the momentum splitting, is
independent of the supporting substrate by studying QWS in Pb/Cu(111)15 [187–191].
Figure 63 (a) shows the electronic structure of 8 ML Pb on Cu(111). The Pb film was deposited
from a water-cooled e-beam evaporator, at a pressure below 3 × 10−10 mbar, onto a Cu(111)
sample held at 80 K, and cleaned before deposition by Ar ion bombardment and annealing. In
contrast to the electronic structure of Pb/Bi/Si the effective mass of the α-band is significantly
reduced from m? = 3.2 me to 0.86 me, and the pronounced change in the dispersion is situated
above the Fermi level. The enhanced dispersion allows to perform a SR-MDC indicated by the
dashed arrow in Fig. 63 (a). The results and our analysis are displayed in Figs. 60 (b, c) where we
show the measured spin-integrated MDC close to EF and the tangential spin polarization data,
respectively. We find a sign change in the momentum splitting of the α-band which is consistent
with previous results obtained from Pb QWS on the Bi reconstructed Si. This is further illustrated
by comparing Fig. 63(c), which displays the spin alignment at EF , with the inset of Fig. 61(b).
15Data from Pb QWS on Cu(111) was taken by J. H. Dil and F. Meier. Analysis of the data was performed by
B. Slomski.
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7.5 Conclusions
To summarize, we have identified a momentum region in Pb QWS where the description of the
Rashba effect breaks down due to the interband spin-orbit coupling. Essential is that this coupling
leads to a hybridization of Rashba states with anti-parallel spins thereby causing the pronounced
change in the dispersion of the α-band, a sign change of the momentum splitting, and in particular
a vanishing spin splitting toward the avoided crossing point. These modifications clearly reflect
the SOC-induced hybridization mechanism because of the mixed spin and orbital character of the
new wave functions. This finding is consistent with the results obtained from QWS in Pb on
Cu(111). Furthermore, we have found that the interband contribution in Pb/Bi/Si is three orders
of magnitude stronger then the SOI contribution by the Rashba effect. It is expected that this
ratio is smaller in Pb/Pb/Si and larger in Pb/Ag/Si due to the different effective masses of the
α-band.
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8 Summary and outlook
The main goal of this thesis was to investigate possible mechanisms leading to a modification of
the Rashba-Bychkov effect in Pb QWS. Our approach was to first explore the influence of the
interface on the Rashba effect in the ultra-thin Pb film by studying the interfactants Pb, Bi and
Ag, sandwiched between the metal Pb film and the semiconducting Si substrate. The following
statements were known and served as a motivation of this thesis.
• The Rashba splitting in Pb QWS is generated at each Pb layer, where the asymmetric charge
distribution around the nuclei determines the sign and the magnitude of the spin splitting.
SARPES measures the sum of all layer specific contributions.
• The Rashba effect shows no significant dependence on the overlayer thickness.
• The spin helicity of the spin texture of Pb QWS is inverted with respect to the one found
for the surface state on Au(111).
The main findings obtained in this thesis are summarized as follows:
• The spin splitting and the spin texture of Pb QWS on Si(111) can be manipulated by altering
the interface:
The Rashba parameter is reduced from αPb = 0.076 eVA˚ on the Pb interface by 60% down to
αBi = 0.032 eVA˚ for Pb QWS on the Bi interface. The spin splitting of Pb QWS on the Ag
reconstructed interface is below the experimental resolution of the COPHEE spectrometer.
• The spin polarization vector of QWS in Pb/Bi/Si is found to rotate by ≈ 32◦ out of the
sample plane along the crystallographic direction Γ-K, while being fully in-plane along Γ-M .
The resulting 120◦ periodicity of the spin polarization reflects the C3ν rotational symmetry
of the (111) Pb surface
The vanishing Rashba splitting in Pb QWS on the Ag reconstructed Si can be interpreted by
a QWS confined in an almost symmetric potential box in which the wave function has equal
extensions into the metal-substrate and metal-vacuum barriers. Consequently the sum over all
local spin splittings is zero. This system is therefore a promising candidate to study the reversal
of the sign in the Rashba constant in Pb QWS upon the adsorption of e.g. alkali atoms to create
an asymmetric confinement. Such a study is best performed with an ordered layer on the surface
of the ultra-thin Pb film. LEED experiments and DFT calculations show that it is possible to
form a (
√
3×√3)R30◦-K reconstruction on the surface of a Pb(111) single crystal that lowers the
work function of the system by altering the surface dipole [192,193].
From a technological point of view a study of the influence of oxidization of the ultra-thin Pb
film on the QWS energies could provide further steps toward the realization of a device. In our
experiments the exposure to the residual gas of the vacuum chamber has led only to a decreased
signal-to-background ratio in the measured spectrum, while the QWS binding energy stayed con-
stant, implying a non-sensitivity of the metal-vacuum phase shift on surface defects. It is expected
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that a fully oxidized PbO layer on top of the Pb(111) film alters this phase shift and correspond-
ingly changes the confinement condition. A recent STM study demonstrated the ability to form
smooth PbO islands on Pb(111) films and that the oxidation process can be enhanced by the
presence of impurities formed by Cs atoms [194].
Especially noteworthy is that, by studying QWS in Pb films on the various interfaces, we have also
encountered interesting phenomena in the more”traditional” fields of condensed matter physics
such as band dispersions in low-dimensional systems or the Schottky barrier formation at the
metal-semiconductor junction.
The ultra-thin Pb films on the
√
3-Pb interface feature an anomalous effective mass which was
intensively debated in the literature. Based on our LEED study and DFT calculations we could
unambiguously disentangle the origin of the flat dispersion as due to a decreased orbital overlap
of the 6pz states and hybridization between the 6pz and 6px,y states. To further understand what
mechanism influences the in-plane lattice constant of the ultra-thin film and correspondingly the
orbital overlap, we have systematically studied the electronic properties of the interfaces. Using
the methods of quantum well spectroscopy and high-resolution core-level spectroscopy we have
identified a correlation between the size of the interface dipole, formed between the Si atoms and
the interfactants, and the effective mass. Furthermore, by using the interface dipole model to
explain the Schottky barrier formation at a metal-semiconductor interface we could also quantify
the barriers for the various interfactants. Our main findings are:
1. Among the studied interfaces the QWS in Pb/Pb/Si feature the highest effective mass .
2. The effective mass of the states in a 8 ML thick Pb film reduced from ≈ 10 me on the
Pb interface down to 3.2 me on the Bi interface. On the Ag interface we find the smallest
effective mass of 2.4 me.
3. The strength of the interface dipole reduced in a similar way. That is, it is maximal for
Pb/Pb/Si(111) with ∆Pb = 450 meV, while in Pb/Bi/Si we find ∆Bi = 380 meV, and for
Pb/Ag/Si we compute ∆Ag = 330 meV.
4. The Schottky barrier is found to increase with increasing interface dipole strength. For
Pb/Pb/Si we find a barrier of 0.65 eV, for Pb/Bi/Si the barrier reduces to 0.58 eV and
finally in Pb/Ag/Si it is the smallest with 0.53 eV.
Finally, it is concluded that the in-plane lattice constant of the ultra-thin Pb film is influenced
by the substrate-adsorbate interaction whose strength depends on the size of the interface dipole.
The variation of this size is simply explained on the basis of the polarity of the interface bonds.
The Pb-Si bond has the largest difference in the Miedema electronegativity resulting in the largest
dipole among the studied interfaces. In a future experiment, one could try to increase the anoma-
lous high effective mass or even induce a sign change in the effective mass, i.e. induce a change
from electron- to hole-like dispersion, using an interfactant with a larger dipole size than in
Pb/Pb/Si. Promising candidates for this study are e.g. Mg (electronegativity X = 3.45) [195]
and Tl (X = 3.9) [196], which form
√
3 reconstructions on Si. For interfactants such as Au
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(X = 5.15) [197] or B (X = 5.3) [198] the exact opposite behavior is expected, i.e. an increase of
the band dispersion with respect to the one in Pb/Ag/Si.
In the last step of our approach we have investigated the influence of the carrier concentration
(donors and acceptors) of Si on the Rashba-type spin splitting in Pb QWS. Our main findings
are:
1. A change in the donor concentration by a factor of 20 raised the Rashba constant by almost
a factor of two:
For Pb QWS on the lightly n-doped Si with a donor concentration of ND = 4.65 · 1013 cm−3
we have deduced a Rashba parameter of αRB = 0.07 eVA˚ while for Pb QWS on the heavily
n-doped Si substrate (ND = 1.14 · 1015 cm−3) the Rashba constant is found to increase to
0.11 eVA˚.
2. Pb QWS on a heavily p-doped Si(111) feature the smallest Rashba parameter with
αRB = 0.061 eVA˚ among the system Pb/Pb/Si.
3. The Schottky barrier and the energetic position of the valence band edge of Si(111) at the
interface depends on the carrier (donor or acceptor) concentration.
Concerning finding (1), we found - to our surprise - a rather strong response of the size of the
Rashba effect on the donor concentration. In contrast to what we expected, the increase of the
Rashba splitting is mediated by an increased localization of the QWS in the Pb film as revealed
from density functional theory calculations and also indicated by the measured binding energies
of the QWS at Γ. The change of the degree of localization of the state in the Pb film is discussed
in terms of the phase shift at the metal-substrate interface which is sensitive to the energetic
position of the valence band edge of Si(111) at the interface. Consequently, this variation can only
be explained by a variable Schottky barrier. Since the measured range of donor concentrations was
rather small, it would be of particular interest to investigate n-type substrates with larger donor
concentrations, i.e. ND > 10
15 cm−3, for further SARPES measurements. Here, the remaining
question is, how far can the Rashba parameter be tuned. Based on our model, we expect a
transition, where the Rashba parameter decreases again as a function of donor concentration. Also
an investigation of the Rashba effect on a lightly p-doped Si(111) could further corroborate our
model, which predicts an increase of the Rashba splitting with decreasing acceptor concentration,
i.e. the exact opposite behavior as found for Pb QWS on n-type Si.
As theoretically demonstrated a gate voltage of ≈ 12 V applied to an ultra-thin Pb film on the
lightly n-doped Si is enough to reach the conditions found in Pb on the heavily n-doped Si, i.e. the
increased interface dipole screening and the corresponding larger Rashba splitting. A SARPES
experiment performed at Pb/Si as a function of an applied gate voltage could readily demonstrate
the potential of Pb/Si for spin-FET application. One could also think of a gate voltage dependent
scanning tunneling spectroscopy (STS) measurement performed at Pb/Si where the spin splitting
manifests itself in a singularity in the local density of states [199]. That way, a change of the spin
splitting as a function of a gate voltage could be also measured.
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In the following we would like to motivate a spin-resolved ARPES experiment with time-resolution,
such as frequently used in two-photon photoemission experiments (2PPE) [200]. Based on our
findings on the tunability of the Rashba effect in Pb QWS via a variable Schottky barrier and on
the results published in Ref. [178], we expect a dependence of the spin splitting as a function of
the delay time between the pump and probe pulse. In fact, a change of the spin splitting should
be also observed using a cw-laser, whose light modifies the charge density at the interface and
correspondingly the Schottky barrier.
At last, we have identified a breakdown of the Rashba effect in Pb QWS by studying a momentum
region, where avoided crossing hybridization induced by the interband spin-orbit coupling alters
the band structure significantly. Our findings are summarized in the following points:
1. The interband spin-orbit coupling mixes Rashba states of opposite spin directions, thereby
causing a sign reversal in the effective mass of the QWS band dispersion and a sign change
in the characteristic momentum splitting.
2. Within the hybridization region specified by the in-plane momentum range of k‖ ∈ [0.34, 0.5]
A˚−1 the measured spin splittings are found to decrease with k‖, which is in sharp contrast
to the Rashba model.
3. The decrease of the spin splitting as a function of momentum is qualitatively better described
with an interband SOC model, which assumes a coupling between Rashba states with anti-
parallel, rather than parallel spins.
4. Beyond the momentum region of the mass reversal the spin splitting of the QWS is found
to recover again, however, with a reversed sign in the momentum splitting. This finding
reflects the mixed orbital and spin character of the new eigenstates due to the SOI-induced
hybridization.
5. This sign reversal of the momentum splitting of the QWS band dispersion is also observed
in an ultra-thin Pb film on Cu(111) and is therefore related to the particular band structure
of the ultra-thin Pb film.
6. The 6px,y derived bands, which cross the Fermi level, are found to be also spin-split. The
avoided crossing hybridization induces, in contrast to the QWS band, a reversal of the sign
of the Rashba parameter as the bands disperse toward EF .
Especially finding (6), which shows that the states at the Fermi level are spin-polarized makes
Pb/Si an ideal system for a spin-FET device. It is expected that the found mechanisms to
manipulate the Rashba effect obtained for the 6pz derived states are also applicable for these
bands. We would like to emphasize that also in this system a spin-resolved 2PPE experiment,
that probes the unoccupied states, could provide more insight into the subtle interplay of the
hybridization above the Fermi level.
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